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(57) ABSTRACT

A method for determining a commutation offset for a mover
(250A) of a mover assembly (220C) that moves and posi-
tions a stage (220A) relative to a stage base (220B) includes
controlling the mover assembly (220C) in a closed loop
fashion to maintain the position of the stage (220A) along a
first axis and along a second axis with the stage (220A)
levitated above the stage base (220B). The method also
includes the steps of (i) directing current to a coil array (240)
of the mover assembly (220C) so that the mover assembly
(220C) imparts a disturbance on the stage (220A); and (ii)
evaluating one or more forces generated by the mover
assembly (220C) as a result of the disturbance on the stage
(220A) created by the mover (250A). Further, a method for
generating a compensation map (1402) includes sequentially
directing a plurality of excitation signals to the control of the
mover assembly (220C) and determining the control com-
mands that result from the plurality of excitation signals.
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1
METHOD FOR DETERMINING A
COMMUTATION OFFSET AND FOR
DETERMINING A COMPENSATION MAP
FOR A STAGE

RELATED APPLICATION

The application claims priority on Provisional Applica-
tion Ser. No. 61/345,988 filed on May 18, 2010, entitled
“METHOD FOR DETERMINIG COMMUTATION OFF-
SET”, and on Provisional Application Ser. No. 61/363,806
filed on Jul. 13, 2010, entitled “METHOD FOR DETER-
MINING COMMUTATION OFFSET”. As far as is permit-
ted, the contents of Provisional Application Ser. Nos.
61/345,988 and 61/363,806 are incorporated herein by ref-
erence.

BACKGROUND

Exposure apparatuses are commonly used to transfer
images from a reticle onto a semiconductor wafer during
semiconductor processing. A typical exposure apparatus
includes an illumination source, a reticle stage assembly that
positions a reticle, an optical assembly having an optical
axis, a wafer stage assembly that positions a semiconductor
wafer, a measurement system, and a control system. Each
stage assembly includes one or more movers, and each of the
movers includes a coil array that interacts with a magnet
assembly. The measurement system constantly monitors the
position of the reticle and the wafer, and the control system
controls each stage assembly to constantly adjust the posi-
tion of the reticle and the wafer. The features of the images
transferred from the reticle onto the wafer are extremely
small. Accordingly, the precise positioning of the wafer and
the reticle is critical to the manufacturing of high quality
wafers.

In certain designs, the position of the respective stage
measured by the measurement system is not an absolute
position, but instead is relative to where the stage assembly
happens to be when the measurement system is initialized.
Therefore, it is imperative to determine an offset value that
aligns the measured interferometer position to the actual
poles of the magnet assembly for proper commutation of the
movers. This offset value is often called the “commutation
offset”.

The amount of force generated by each mover is a
sinusoidal function of how accurately the commutation
offset value is determined. For example, if the error between
the calculated and real commutation offset is three percent,
then the force generated by the mover is approximately
ninety-eight percent of the maximum possible (and
expected) force. However, for a commutation error of seven
percent, the force falls to approximately ninety percent.
Thus, it is important to accurately determine the commuta-
tion offset for each mover so that each mover operates
efficiently and accurately.

SUMMARY

The present invention is directed to a method for deter-
mining a commutation offset for a mover of a mover
assembly that moves and positions a stage relative to a stage
base. In one embodiment, the mover generates a first axis
force that moves and positions the stage along a first axis,
and a second axis force that moves and positions the stage
along a vertically oriented second axis that is orthogonal to
the first axis. Further, the mover includes a coil array. The
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method includes controlling the mover assembly in a closed
loop fashion to maintain the position of the stage along the
first axis and along the second axis with the stage levitated
above the stage base. Additionally, the method includes
determining a first commutation offset for the mover. This
step can include (i) directing current to the coil array so that
the mover imparts a disturbance on the stage, and (ii)
evaluating one or more forces generated by the mover
assembly as a result of the disturbance on the stage created
by the mover.

With some of the methods provided herein, the stage is
levitated during the commutation procedure. As a result
thereof, the present method can be used for a planar or linear
motor arrangement such as a magnetic levitation (“maglev”)
type stage, which does not have redundant movers that
generate forces along the second axis.

The present invention is also directed to a control system
for determining a commutation offset for a mover of a mover
assembly. The present invention is additionally directed to a
stage assembly that moves a work piece, the stage assembly
including a stage that retains the work piece and a mover in
which the commutation offset is determined utilizing one of
the methods provided herein. In yet another embodiment,
the present invention is directed to an exposure apparatus
that includes an illumination system and a stage assembly
that moves the stage relative to the illumination system. In
still another embodiment, the present invention is directed to
a process for manufacturing a device that includes the steps
of providing a substrate and forming an image to the
substrate with the exposure apparatus.

In still another embodiment, the present invention is
directed to a method for controlling a mover assembly that
includes the steps of: controlling the mover assembly with a
control system to position the stage at a first test position;
applying a first excitation signal with the control system to
the mover assembly with the stage at the first test position;
and determining a first set of control commands for the first
excitation signal. In this embodiment, a second excitation
signal can be applied to the mover assembly with the stage
at the first test position, and a second set of control com-
mands for the second excitation signal can be determined.
Further, in this embodiment, the mover assembly can be
controlled with the control system utilizing information
from the sets of control commands.

Additionally, the method can include the steps of gener-
ating a compensation map from the first set of control
commands and the second set of control commands, and
controlling the mover assembly with the control system
utilizing information from the compensation map.

Moreover, the present invention is directed to a mover
assembly that moves and positions a stage relative to a stage
base, the mover assembly comprising: a mover that moves
and positions the stage relative to the stage base; and a
control system that controls the mover, the control system (i)
directing current to the mover to position the stage at a first
test position; (ii) applying a first excitation signal to the
mover with the stage at the first test position; and (iii)
determining a first set of control commands for the first
excitation signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of this invention, as well as the
invention itself, both as to its structure and its operation, will
be best understood from the accompanying drawings, taken
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in conjunction with the accompanying description, in which
similar reference characters refer to similar parts, and in
which:

FIG. 1 is a schematic illustration of an exposure apparatus
having features of the present invention;

FIG. 2A is a simplified top perspective illustration of a
mover assembly having features of the present invention;

FIG. 2B is a simplified view of a portion of the mover
assembly of FIG. 2A;

FIG. 3 is a simplified schematic of a control system that
can be used to control the mover assembly of FIG. 2A;

FIG. 4A is a flow chart that illustrates a first process that
can be used to estimate the commutation offsets for the
mover assembly of FIG. 2A;

FIG. 4B is a simplified illustration of how force com-
mands vary relative to possible commutation offsets;

FIG. 5A is a flow chart that illustrates another process that
can be used to estimate the commutation offsets for the
mover assembly of FIG. 2A;

FIG. 5B is a simplified illustration of how force com-
mands vary relative to possible commutation offsets;

FIG. 6 is a simplified schematic of another embodiment of
control system that can be used to control the mover
assembly of FIG. 2A;

FIG. 7 is a flow chart that illustrates yet another process
that can be used to estimate the commutation offsets for the
mover assembly of FIG. 2A;

FIG. 8A is a graph that illustrates test force versus time;

FIG. 8B is a graph that illustrates test offset versus time;

FIG. 8C is a graph that illustrates current commands
versus time;

FIG. 8D is a graph that illustrates X axis force versus test
offset;

FIG. 8E is a graph that illustrates Z axis force versus test
offset;

FIG. 8F is a graph that illustrates Y axis force versus test
offset;

FIG. 8G is a graph that illustrates X axis force versus test
offset for a plurality of alternative positions;

FIG. 8H is a graph that illustrates Z axis force versus test
offset for a plurality of alternative positions;

FIG. 81 is a graph that illustrates X axis force versus test
offset for a plurality of alternative positions;

FIG. 8] is a graph that illustrates Z axis force versus test
offset for a plurality of alternative positions;

FIG. 9 is a flow chart that illustrates one method of
generating a compensation map having features of the
present invention;

FIG. 10A is a simplified view of a plurality of test
positions having features of the present invention;

FIG. 10B illustrates position versus time for an excitation
signal;

FIG. 10C illustrates acceleration versus time for an exci-
tation signal;

FIG. 11A is a graph that illustrates a plurality of excitation
signals versus time;

FIGS. 11B-11G illustrate following errors versus time that
result from the excitation signals;

FIGS. 11H-11M illustrate control commands versus time;

FIG. 12 is a simplified schematic of another embodiment
of control system that can be used to generate a compensa-
tion map;

FIGS. 13A-13F illustrate compensation ratios versus a
plurality of test positions;

FIG. 14A is a simplified illustration of a compensation
map;
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FIG. 14B is an enlarged illustration of a portion of the
compensation map of FIG. 14A;

FIG. 15A is a simplified schematic of another embodi-
ment of control system that can be used to control the mover
assembly;

FIG. 15B is a simplified illustration of a six by six force
compensation matrix;

FIG. 16 is a simplified graph that illustrates position
versus time;

FIGS. 17A-17F are simplified graphs that illustrate fol-
lowing error versus time;

FIG. 18A is a map that illustrates the residual force
compensation ratios with the application of the center of
gravity force compensation;

FIG. 18B is an enlarged illustration of a portion of the
map of FIG. 18A;

FIG. 19A is a flow chart that outlines a process for
manufacturing a device in accordance with the present
invention; and

FIG. 19B is a flow chart that outlines device processing in
more detail.

DESCRIPTION

FIG. 1 is a schematic illustration of a precision assembly,
namely an exposure apparatus 10 having features of the
present invention. The exposure apparatus 10 includes an
apparatus frame 12, an illumination system 14 (irradiation
apparatus), an optical assembly 16, a reticle stage assembly
18, a wafer stage assembly 20, a measurement system 22,
and a control system 24. The design of the components of
the exposure apparatus 10 can be varied to suit the design
requirements of the exposure apparatus 10. The exposure
apparatus 10 is particularly useful as a lithographic device
that transfers a pattern (not shown) of an integrated circuit
from a reticle 26 onto a semiconductor wafer 28. The
exposure apparatus 10 mounts to a mounting base 30, e.g.,
the ground, a base, or floor or some other supporting
structure.

As an overview, in certain embodiments, the control
system 24 disclosed herein utilizes one or more unique
methods to determine commutation offsets for the movers of
one or both of the stage assemblies 18, 20 with improved
accuracy. Further, in certain embodiments, the control sys-
tem 24 disclosed herein utilizes one or more other compen-
sation methods that improve the positioning of the respec-
tive stage assemblies 18, 20. As a result thereof, the wafer
28 and/or the reticle 26 can be positioned with improved
accuracy, and the stage assemblies 18, 20 can be operated
more efficiently. This can result in the manufacturing of
higher density wafers 28 with the exposure apparatus 10.

A number of Figures include an orientation system that
illustrates an X axis, a Y axis that is orthogonal to the X axis,
and the Z axis that is orthogonal to the X and Y axes. It
should be noted that any of these axes can also be referred
to as the first, second, and/or third axes.

There are a number of different types of lithographic
devices. For example, the exposure apparatus 10 can be used
as a scanning type photolithography system. Alternatively,
the exposure apparatus 10 can be a step-and-repeat type
photolithography system. However, the use of the exposure
apparatus 10 provided herein is not limited to a photolithog-
raphy system for semiconductor manufacturing. The expo-
sure apparatus 10, for example, can be used as an LCD
photolithography system that exposes a liquid crystal dis-
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play device pattern onto a rectangular glass plate or a
photolithography system for manufacturing a thin film mag-
netic head.

The apparatus frame 12 is rigid and supports the compo-
nents of the exposure apparatus 10. The apparatus frame 12
illustrated in FIG. 1 supports the reticle stage assembly 18,
the optical assembly 16, and the illumination system 14
above the mounting base 30.

The illumination system 14 includes an illumination
source 32 and an illumination optical assembly 34. The
illumination source 32 emits a beam (irradiation) of light
energy. The illumination optical assembly 34 guides the
beam of light energy from the illumination source 32 to the
optical assembly 16. The illumination source 32 can be a
g-line source (436 nm), an i-line source (365 nm), a KrF
excimer laser (248 nm), an ArF excimer laser (193 nm), aF,
laser (157 nm), or an EUV source (13.5 nm). Alternatively,
the illumination source 32 can generate charged particle
beams such as an x-ray or an electron beam.

The optical assembly 16 projects and/or focuses the light
leaving the reticle 26 to the wafer 28. Depending upon the
design of the exposure apparatus 10, the optical assembly 16
can magnify or reduce the image illuminated on the reticle
26.

The reticle stage assembly 18 holds and positions the
reticle 26 relative to the optical assembly 16 and the wafer
28. In FIG. 1, the reticle stage assembly 18 includes a reticle
stage 18 A that retains the reticle 26, a reticle stage base 18B,
and a reticle stage mover assembly 18C that positions the
reticle stage 18A and the reticle 26. The reticle stage mover
assembly 18B can be designed to move the reticle 26 with
six degrees of freedom (X, Y, and Z axes, and about X, Y,
and 7 axes) relative to the reticle stage base 18B. In alternate
embodiments, the reticle stage mover assembly 18B can be
designed to move the reticle 26 with one (Y axis) or three (X
and Y axes, and about Z axis) degrees of freedom.

Somewhat similarly, the wafer stage assembly 20 holds
and positions the wafer 28 with respect to the projected
image of the illuminated portions of the reticle 26. In FIG.
1, the wafer stage assembly 20 includes a wafer stage 20A
that retains the wafer 28, a wafer stage base 20B, and a wafer
stage mover assembly 20C that positions the wafer stage
20A and the wafer 28. The wafer stage mover assembly 20C
can be designed to move the wafer 28 with up to six degrees
of freedom (along the X, Y, and Z axes, and about X, Y, and
Z axes) relative to the wafer stage base 20B.

The measurement system 22 monitors movement of the
reticle 26 and the wafer 28 relative to the optical assembly
16 or some other reference. With this information, the
apparatus control system 24 can control the reticle stage
assembly 18 to precisely position the reticle 26 and the wafer
stage assembly 20 to precisely position the wafer 28. For
example, the measurement system 22 can utilize multiple
laser interferometers, encoders, autofocus systems, and/or
other measuring devices. In FIG. 1, the measurement system
22 includes (i) a reticle measurement system 22A (illustrated
as a box) that monitors the position of the reticle stage 18B
and the reticle 26, and (ii) a wafer measurement system 22B
(illustrated as a box) that monitors the position of the wafer
stage 20A.

The control system 24 is connected to the reticle stage
assembly 18, the wafer stage assembly 20, and the measure-
ment system 22. The assembly control system 24 receives
information from the measurement system 22 and controls
the stage assemblies 18, 20 to precisely position the reticle
26 and the wafer 28. The assembly control system 24 can
include one or more processors and circuits.
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FIG. 2A is a simplified schematic illustration of a control
system 224, and a stage assembly 220 that positions a work
piece 200 (illustrated above the stage assembly 220) with
improved accuracy and improved efficiency. In one embodi-
ment, the work piece 200 can be the wafer 28 (illustrated in
FIG. 1) and the stage assembly 220 can be used as the wafer
stage assembly 22. Alternatively, the stage assembly 220 can
be used to move and position other types of work pieces 200
(e.g. the reticle 26 illustrated in FIG. 1) during manufactur-
ing and/or inspection.

In FIG. 2A, the stage assembly 220 includes a stage 220A,
a stage base 220B, and a stage mover assembly 220C. The
design of these components can be varied to suit the require-
ments of the stage assembly 220. The stage 220A selectively
retains the work piece 200. For example, the stage 220A can
include a chuck for selectively retaining the work piece 200.
The stage base 220B supports a portion of the stage mover
assembly 220C. In FIG. 2A, the stage 220A is a rigid,
generally rectangular shaped plate, and the stage base 220B
is also a rigid, generally rectangular shaped plate.

The stage mover assembly 220C moves the stage 220A
and the work piece 200 relative to the stage base 220B. In
FIG. 2A, the stage mover assembly 220C is designed to
move the stage 220A with six degrees of freedom, namely
along the X axis, along the Y axis, along the Z axis, about
the X axis (theta X (Tx)), about the Y axis (theta Y (Ty)), and
about the 7 axis (theta Z (Tz)). Alternatively, the stage
mover assembly 220C can be designed to move the stage
220A with fewer than six degrees of freedom.

In FIG. 2A, the stage mover assembly 220C includes a
coil assembly 236 that is fixed to and moves with the stage
220A, and a magnet assembly 238 that is fixed to the stage
base 220B that cooperate to define a planar motor. In this
embodiment, the coil assembly 236 includes a first YZ coil
array 240, a second YZ coil array 242, a first XZ coil array
244, and a second XZ coil array 246. In this embodiment, the
stage 220A can be divided into four quadrants, and one of
the coil arrays 240, 242, 244, 246 is secured to each of the
quadrants. More specifically, in this embodiment, (i) the first
XZ coil array 244 is secured to a right front quadrant of the
stage 220A; (ii) the first YZ coil array 240 is secured to a
right rear quadrant of the stage 220A; (iii) the second YZ
coil array 242 is secured to a left front quadrant of the stage
220A; and (iv) the second XZ coil array 246 is secured to a
left rear quadrant of the stage 220A. Moreover, in this
embodiment, the YZ coil arrays 240, 242 are oriented so that
their coil wires are aligned perpendicular to the Y axis, and
the XZ coil arrays 244, 246 are oriented so that their coil
wires are aligned perpendicular to the X axis. Alternatively,
the arrangement of the coil arrays 240, 242, 244, 246 can be
different than that illustrated in FIG. 2A.

As provided herein, each coil array 240, 242, 244, 246
includes one or more coils 248. In FIG. 2A, the stage mover
assembly 220C includes four, three phase motors. Thus,
each coil array 240, 242, 244, 246 includes a multiple of
three coils 248. In the simplified example illustrated in FIG.
2A, each of the coil arrays 240, 242, 244, 246 includes three
partly overlapping coils 248. For each coil array 240, 242,
244, 246, (i) one of the coils 248 can be referred to as the U
phase coil; (ii) one of the coils 248 can be referred to as the
V phase coil; and (iii) one of the coils 248 can be referred
to as the W phase coil. A suitable coil array is described in
detail in U.S. Pat. No. 6,208,045 and U.S. Pat. No. 7,205,741
B1, the contents of which are incorporated herein by refer-
ence. Alternatively, for example, each coil array 240, 242,
244, 246 can be a two phase system that includes a multiple
of two coils 248.
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Further, in FIG. 2A, the coil arrays 240, 242, 244, 246 are
designed and positioned (i) so that current can be directed to
the first YZ coil array 240 and the second YZ coil array 242
to create forces on the stage along the Y axis and along the
Z. axis; and (ii) so that current can be directed to the first X7
coil array 244 and the second XZ coil array 246 to create
forces on the stage 220A along the X axis and along the Z
axis. With this design, (i) the first YZ coil array 240
cooperates with the magnet array 238 to define a first YZ
mover 250A that generates a first Y axis force (oriented
along the Y axis) that moves the stage 220A along the Y axis,
and that generates a first Z axis force (oriented along the 7)
that moves the stage 220A along the Z axis; (ii) the second
YZ coil array 242 cooperates with the magnet array 238 to
define a second YZ mover 250B that generates a second Y
axis force (oriented along the Y axis) that moves the stage
220A along the Y axis, and that generates a second Z axis
force (oriented along the Z axis) that moves the stage 220A
along the Z along the Z axis; (iii) the first XZ coil array 244
cooperates with the magnet array 238 to define a first XZ
mover 250C that generates a first X axis force (oriented
along the X axis) that moves the stage 220A along the X
axis, and that generates a third Z axis force (oriented along
the 7) that moves the stage 220A along the Z axis; and (iv)
the second XZ coil array 246 cooperates with the magnet
array 238 to define a second X7 mover 250D that generates
a second X axis force (oriented with the X axis) that moves
the stage 220A along the X axis, and that generates a fourth
Z axis force (oriented with the Z axis) that moves the stage
220A along the 7 axis.

It should be noted that any of the X, Y, or Z axis forces
can alternatively be referred to as a first axis force, a second
axis force, or a third axis force.

Moreover, in FIG. 2A, the magnet assembly 238 includes
a two dimensional array (orientated along the X and Y axes)
of magnets 251 that are secured to the stage base 220B. In
one non-exclusive embodiment, the magnets 251 are con-
figured in a checkerboard pattern with a plurality of rows in
the X direction, and a plurality of columns in the Y direction.
In this embodiment, the polar axes of all magnets 251 in the
magnet assembly 238 are aligned parallel to the Z direction
(perpendicular to the X-Y coordinate plane). Alternatively,
for example, the magnets 251 can be arranged so that the
rows are at an angle (e.g. forty-five degrees) relative to the
X direction, and the columns are at an angle (e.g. forty-five
degrees) relative to the Y direction.

Further, in FIG. 2A, the magnets 251 within any row or
column have the same polarity. For example, all of the
magnets 251 in right most column have the S pole facing
upward (labeled with an “S™), and all of the magnets 251 in
second to the right most column have the N pole facing
upward (labeled with an “N”). In FIG. 2A, there are twelve
rows of magnets 251 and fifteen columns of magnets 251. In
some embodiments, particularly those involving moving
coil motors, the numbers of rows and columns in a magnetic
assembly 238 are substantially larger, providing for a larger
desired range of travel. In this embodiment, the magnets 251
are all equal in size and square in cross-section, although
magnets 251 of other shapes are also possible.

In an alternative embodiment, the stage mover assembly
can be designed so that the coil assembly 236 is fixed to the
stage base 220B and the magnet assembly 238 is secured to
and moves with the stage 220A. Alternatively or addition-
ally, the stage mover assembly can include one or more
linear motors or another type of mover.

In this embodiment, the control system 224 independently
and concurrently directs a different current to the each of the
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8
three (U, V, W) phase coils 248 for each of the coil arrays
240, 242, 244, 246 to precisely position the work piece 200
and the stage 220A. Stated in another fashion, in this
embodiment, the control system 224 directs a three phase
commutated electric current to the each of the coil arrays
240, 242, 244, 246. With this design, the coil arrays 240,
242,244, 246 are powered to move relative to the stationary
magnet assembly 238. Alternatively, the stage mover assem-
bly 220C can be designed so that the magnet assembly 238
moves relative to stationary coil arrays 240, 242, 244, 246.
The control system 224 can include one or more processors
that are programmed to perform the steps provided herein.

In one embodiment, to control the first YZ mover 250A,
the control system 224 utilizes the following motor com-
mutations to determine the current to be directed to the
different phases of the first YZ coil array 240:

Lyz Equation (1)
Lyz | =
Loyz1
+ +
sin(er- Y+ Yozl ) cos(er- Y+ Yozl )
L L
. Y+Yoya 27 Y+Yoyz 2%
sm(Zﬂ-— +?] cos(Zﬂ-T ?]

+ Yo, 4 + Yo, 4
sin(Zﬂ- Y doyz + —ﬂ] cos(Zﬂ- Y ¥ Yorz + —ﬂ]
L 3 L 3

( Ayyz ]
Azyzi

Fyi
Ayyz =
” ky.yz1
Fz
Azyz = P

z2,YZ1

For the first YZ coil array 240, Equation (1) is the motor
commutation formula, used to determine the current com-
mands I, y, I, 3z, and I, 5, directed to U, V, W phase
coils respectively. Further, in Equation (1), (i) y is the
present measured position along the Y axis of the coil
assembly 236 (e.g. as measured with the measurement
system 22 illustrated in FIG. 1); (ii) y,, y, is the commuta-
tion offset of the first YZ coil array 240; (iii) k,, 5, and k, .,
are the motor force constants along Y and Z axis of the first
YZ mover 250A, (iv) Fy, and F,, are the motor force
commands along the Y and Z axes of the first YZ mover
250A, determined by the control system 224, (v) A, ,;, and
A, 7y, are the required current amplitudes required to pro-
duce the desired force along Y and Z axes respectively for
the first YZ mover 250A and (vi) L is the associated motor
commutation pitch.

Somewhat similarly, to control the second YZ mover
250B, the control system 224 utilizes the following motor
commutations to determine the magnitude of the current to
be directed to the U, V, W phases of the second YZ coil array
242:

Lyn Equation (2)
Lyz |=
Loyza
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+ +
sm( Yt e YZZ) cos(er- Y yo,yzz)
L
+ 2n + 2r
sin(er Y+ Yoyz _) cos(er- YHYorm | _) ]
L 3 L 3
Sin(Zﬂ- YHYorm 4_”) cos(er- YHYorm 4_”)
L 3 L 3
( Ayyyzz ]
Apyza
Fya
Ayyz = X
y.YZ2
Fzn
Azyz = T
Y22

For the second YZ coil array 242, Equation (2) is the motor
commutation formula, used to determine the current com-
mands Iy, I, yzs, and I, 5, directed to U, V, W phase
coils respectively. Further, in Equation (2), (i) y is the
present measured position along the Y axis of the coil
assembly 236 (e.g. as measured with the measurement
system 22 illustrated in FIG. 1); (ii) y,, y, is the commuta-
tion offset of the second YZ coil array 242; (iii) k,, ,,, and
k, y» are the motor force constants along Y and Z axis of the
second YZ mover 250B (iv) F,, and F,,, are the motor force
commands along the Y and Z axes of the second YZ mover
250B, determined by the control system 224, (v) A, ., and
A, v, are the required current amplitudes required to pro-
duce the desired force along Y and Z axes respectively for
the second YZ mover 250B and (vi) L is the associated
motor commutation pitch.

Further, to control the first XZ mover 250C, the control
system 224 utilizes the following motor commutations to
determine the magnitude of the current to be directed to the
different phases of the first XZ coil array 244:

Iy, xz1 Equation (3)
Lixz |=
Ly xz1
X+ X, X+ X,
sin(Zn- I Xz ) cos(Zﬂ- 170Xzl )
L L
X+ X, 2r X+ X, 2n
sin(Zﬂ- 2T %0xz1 + —] cos(Zﬂ- T Roxzl + —
L 3 L

i X+Xoxz1 4n X+Xoxz1 4w
sm(Zﬂ- — + ?] cos(Zﬂ- -1 + ?]

For the first XZ coil array 244, Equation (3) is the motor
commutation formula, used to determine the current com-
mands I, v, [, 7, and I ., directed to U, V, W phase
coils respectively. Further, in Equation (3), (i) X is the
present measured position along the X axis of the coil
assembly 236 (e.g. as measured with the measurement
system 22 illustrated in FIG. 1); (ii) X, x, is the commuta-
tion offset of the first XZ coil array 244; (i) k,_y, and k, xz1

are the associated motor force constants along X and Z axis
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of the first XZ mover 250C, (iv) Fy, and F_; are the motor
force commands along the X and Z axes of the first XZ
mover 250C, determined by the control system 224, (v)
A, xz and Ay, are the required current amplitudes
required to produce the desired force along X and Z axes
respectively for the first XZ mover 250C and (vi) L is the
associated motor commutation pitch.

Moreover, to control the second X7 mover 250D, the
control system 224 utilizes the following motor commuta-
tions to determine the magnitude of the current to be directed
to the different phases of the second XZ coil array 246:

luxz2
Lxz =
Ly xz2

sin(Zﬂ )
+ %, 2r
sin(er Ttz | X
L 3
X+ Xo, X272

sm(Zﬂ E T

Equation (4)

X+ Xo, x22

cos(Zﬂ . x—+ );j X2z )

2
] cos(zﬂ.m+_ﬂ) _
L 3
4r X+Xox2 4n
+?] cos(ZJr-—L +?]

( Axx22 ]
Agxz2

Fxa
Arxz2 = T

x. XZ2

Fz
Axz = T

2.XZ2

For the second X7 coil array 246, Equation (4) is the motor
commutation formula, used to determine the current com-
mands I, v, I, yz, and I, 5, directed to U, V, W phase
coils respectively. Further, in Equation (4), (i) X is the
present measured position along the X axis of the coil
assembly 236 (e.g. as measured with the measurement
system 22 illustrated in FIG. 1); (ii) X, x» is the commuta-
tion offset of the second XZ coil array 246; (iii) k, ,,, and
k, x> are the associated motor force constants along X and
Z axis of the second XZ mover 250D, (iv) Fy, and F, are
the motor force commands along the X and 7 axes of the
second XZ mover 250D, determined by the control system
224, (v) A, x> and A_ ;. are the required current ampli-
tudes required to produce the desired force along X and Z
axes respectively for the second XZ mover 250C and (vi) L
is the associated motor commutation pitch.

It should be noted that the commutation offset Yo xz10
Yo.rzz Xoxzis Xoxze 10r each mover 250A-250D is not
known. The present invention teaches various methods to
estimate the commutation offset y,, y1, Yo, yzs Xoxz1> Xoxz2
for each of the movers 250A-250D. In the embodiment
illustrated in FIG. 2, the movers 250A-250D must be
activated to levitate the stage 220A (along the Z axis) during
the process of determining the commutation offset for each
of the movers 250A-250D. Moreover, in certain methods
provided herein, during the estimation of a selected com-
mutation offset, current is directed to the corresponding coil
array to impart a disturbance on the stage. Subsequently, the
forces generated by the mover assembly as a result of the
disturbance on the stage are evaluated to estimate the
commutation offset.

FIG. 2B is a simplified bottom view of stage 220A and the
coil arrays 240, 242, 244, 246. As provided above, (i) current
directed to the first YZ coil array 240 generates the first Y
axis force 263Y1, and the first Z axis force 26371 (illus-
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trated as a circle); (ii) current directed to the second YZ coil
array 242 generates the second Y axis force 263Y2, and the
second Z axis force 26372 (illustrated as a circle); (iii)
current directed to the first XZ coil array 244 generates the
first X axis force 263X1, and the third Z axis force 26373
(illustrated as a circle); and (iv) current directed to the
second XZ coil array 246 generates the second X axis force
263X2 that moves the stage 220A along the X axis, and the
fourth 7 axis force 26374 (illustrated as a circle).

FIG. 3 is a simplified control block diagram of the control
system 224 that can be used to control the stage mover
assembly 220C (illustrated in FIG. 2) to precisely position
the work piece 200 (illustrated in FIG. 2). In FIG. 3, (i) “r”
represents a desired reference position, e.g. the desired
trajectory (along the X, Y, and Z axes, and about the X, Y,
and Z axes) of the work piece 200 at a particular moment in
time; (ii) “m” represents the measured, actual momentary,
position (along the X, Y, and Z axes, and about the X, Y, and
Z axes) of the work piece 200 as measured by the measure-
ment system 22 (illustrated in FIG. 1) at a particular moment
in time; and (iii) “e” represents a following error (along the
X, Y, and Z axes, and about the X, Y, and Z axes), e.g. the
error between the desired position “r” and the measured
output position “m” of the work piece 200 at a particular
moment in time.

In FIG. 3, starting at the left side of the control block
diagram, the desired trajectory “r” is fed into the control
system 224 along with the measured position “m”. Next, the
control system 224 determines the following error “e”.
Subsequently, the following error “e” is fed into a feedback
control 352 of the control system 224. The feedback control
352 determines the forces along the X, Y and/or Z axes that
are necessary to correct the following error (e.g. the forces
necessary to move a center of gravity (“CG”) of the stage
220A to the desired trajectory “r”). In certain embodiments,
the one or more of the movers 250A-250D of the stage
mover assembly 220C may not push through the center of
gravity of the stage 220A. In these embodiments, the control
system 224 can include a center of gravity force compen-
sation map 354 that compensates for this.

Next, based on the following error “e”, the force distri-
bution 356 determines the force commands for each of the
movers 250A-250D necessary to correct the following error.
More specifically, the control system determines the
required magnitude of (i) a first Y axis force command (Fy,)
and a first Z axis force command (F,) for the first YZ mover
250A; (i) a second Y axis force command (F;,) and a
second Z axis force command (F,,) for the second YZ
mover 250B; (iii) a first X axis force command (Fy,) and a
third Z axis force command (F;) for the first X7 mover
250C; and (iv) a second X axis force command (F,) and a
fourth Z axis force command (F,,) for the second X7 mover
250D. Next, from these force commands, the amplitudes of
the currents can be determined.

Subsequently, the motor commutations 358 are utilized to
determine the currents that are directed to the U, V, W phases
of the coil arrays 240, 242, 244, 246. The currents I, y,,
Iv,YZlB IW,YZIS Iu,YZ25 Iv,YZ25 IW,YZ25 Iu,X'ZlB Iv,X'ZlB IW,X'ZIS Iu,)(Z2s
I, %z, 1, xz> can be calculated using Equations 1-4. Next, at
block 360, the current is directed to the movers 250A-250D
and this causes the stage to move.

It should be noted that unless the commutation offsets
Yo.vz15 Yo.¥z20 Xoxz15 Xoxze T0r €ach mover 250A-250D is
accurately estimated, that the movers 250A-250D will not
function as efficiently and the positioning of the work piece
200 can be adversely influenced. For example, if the com-
mutation offsets ¥, y1, Yo, 5225 Xo 3715 Xo,xz2 ar€ NOt coOrTEC,
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the required forces will be larger and the amplitudes of the
currents will have to be larger to move the stage to the
desired position.

The present invention provides a number of different
ways to accurately estimate the commutation offsets y, y,,
Yo.rz2> Xoxz1s X, xz2- In certain embodiments, the control
system 224 includes a possible commutation offset block
361. With this design, during the process of estimating the
commutation offset of a particular mover, various possible
commutation offsets can be used in the respective commu-
tation formulas to determine the current for the mover that
is being evaluated. These processes are described in more
detail below.

It should be noted that the methods provided herein can be
utilized with movers in which the coils move relative to
stationary magnets or the designs in with the magnets move
relative to stationary coils.

It should also be noted that the control system 224 can
automatically calculate the commutation offset for each
mover every time the system is started or any other time
deemed appropriate.

FIG. 4A is a flow chart that illustrates a first process that
can be used by the control system 224 to estimate the
commutation offset y, v, ¥, 3225 Xoxz1> Xo.xz2 fOr each of
the movers 250A-250D. In this embodiment, at step 470, the
stage is levitated using all of the movers 250A-250D. For
example, during step 470, an approximately correct com-
mutation offset can be used for each of the movers 250A-
250D. One way to determine an approximate commutation
offset for each of the movers 250A-250D is to use a sensor
262 (illustrated as a box in FIG. 2 away from the stage
assembly 220) to sense the approximate relative position
between the respective coil array 240, 242, 244, 246 and
magnet assembly 238. For example, the sensor 262 can be
a hall sensor or another type of sensor. As long as the
approximate commutation offset y,, y, Yo, 7225 Xo x215 Xox22
is relatively close to the correct value, the movers 250A-
250D should be able to levitate the stage. Alternatively, it
can be assumed that everything is mechanically perfect
when the stage assembly is put together. This sometimes can
be good enough to allow the movers 250A-250D to levitate
the stage.

Next, the commutation offset y, y1, ¥, vz25 X0 x215 Xox22
for each of the movers 250A-250D is individually and
sequentially determined. More specifically, at step 472, one
of the movers 250-250D is selected for determining its
commutation offset. For example, the first YZ mover 250A
can be initially selected to determine the first YZ commu-
tation offset (“y, y”). Next, with the stage held in a
substantially constant position (along the X, Y, and Z axes,
and about the X, Y, and Z axes) through closed loop control
of the movers 250A-250D, the control system 224 artifi-
cially adjusts the first YZ commutation offset of the first YZ
coil array 240 in Equation 1. Stated in another fashion,
during this step, the control system 224 sequentially utilizes
a number of alternative possible commutation offsets to be
used as the first YZ commutation offset in Equation 1.

For each alternative possible commutation offset, at step
476, the control system 224 determines (i) the corresponding
Y force command (“Fy,”) for the first YZ mover 250A, and
(i1) the corresponding Z force command (“F,”) for the first
YZ mover 250A necessary to maintain the stage in the
correct, levitated position. Subsequently, at step 477, the
control system subsequently, determines the amplitude of
the current (A, y,) required to produce the Y force com-
mand (“Fy,”); and the amplitude of the current (A, )
required to produce the Z force command (“F,”).



US 9,465,305 B2

13

As the possible commutation offset changes, the force
commands and the corresponding current commands gen-
erated by the control system 224 will change. This will
create a disturbance on the stage. As provided herein, as the
possible commutation offset approaches the correct value,
the Z force command F,, and the corresponding 7 axis
amplitude of the current (A, ,y,) for the first YZ mover
250A will decrease; and as the possible commutation offset
moves away from the correct value, the Z force command
F,, and the corresponding 7 axis amplitude of the current
(A, yz,) for the first YZ mover 250A will increase. Stated in
another fashion, absent external disturbances, the correct
possible commutation offset occurs at the lowest Z force
command F, and the lowest Z axis amplitude of the current
(A, yz1)- This is because, as the possible commutation offset
approaches the correct value, the first YZ mover 250A
becomes more efficient and a smaller current is necessary to
maintain the position of the stage. Thus, at step 478, in one
embodiment, the control system 224 determines the correct
value for the first YZ commutation offset y, y, value by
determining the lowest Z force command F,, and/or the
lowest corresponding Z axis amplitude of the current (A_
yz1) necessary to maintain the position of the stage.

FIG. 4B is a simplified graphic illustration of how the Z
force command corresponds to various possible commuta-
tion offsets y,, y»;. In this embodiment, the control system
224 identifies the lowest value of Z force command F,; on
the curve and subsequently identifies its corresponding
possible commutation offset as the first YZ commutation
offset y,, y, . Alternatively, the control system 224 identifies
the lowest value of Z axis amplitude of the current A, y,,
and subsequently identifies its corresponding possible com-
mutation offset as the first YZ commutation offset y,, y,. In
FIG. 4B, the correct commutation offset is circled with a
square.

Referring back to FIG. 4A, after the first YZ commutation
offset Y, ;, is determined, at step 480, the control system
224 determines if all of the movers 250A-250D have been
selected. If not, the next mover 250A-250D, e.g. the second
YZ mover 2508, is selected, and the process is repeated to
determine the second YZ commutation offset (Y, 3»").
Again, with the stage held in a substantially constant posi-
tion through closed loop control of the movers 250A-250D,
the control system 224 utilizes a plurality of possible com-
mutation offsets in Equation 2 to direct current to the second
YZ coil array 242. For each alternative possible commuta-
tion offset, the control system 224 determines (i) the corre-
sponding Y force command (“F;,”) and the Y axis amplitude
of the current (A, ;,); and (ii) the corresponding Z force
command (“F,”) and the Z axis amplitude of the current
(A, yz») necessary to maintain the stage in the correct,
levitated position. The control system 224 determines the
correct value for the second YZ commutation offset Y, y»
value by determining the lowest Z force command F , or the
lowest Z axis amplitude of the current (A ;) necessary to
maintain the position of the stage.

This process is again repeated for the first XZ mover 250C
to determine the first X7 commutation offset (X, ;")
Again, with the stage held in a substantially constant posi-
tion through closed loop control of the movers 250A-250D,
the control system 224 utilizes a plurality of possible com-
mutation offsets in Equation 3 to direct current to the first
XZ coil array 244. For each alternative possible commuta-
tion offset, the control system 224 determines (i) the corre-
sponding X force command (“F4,”) and the X axis ampli-
tude of the current (A, x); and (ii) the corresponding Z
force command (“F;”) and the Z axis amplitude of the
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current (“A, y,,”) necessary to maintain the stage in the
correct, levitated position. The control system 224 deter-
mines the correct value for the first X7 commutation offset
X, xz1 Value by determining the lowest Z force command I 5
or the lowest 7Z axis amplitude of the current (“A, 4,”
necessary to maintain the position of the stage.

Finally, the process is repeated for the second X7 mover
250D to determine the second X7 commutation offset
("X, xz2")- Again, with the stage held in a substantially
constant position through closed loop control of the movers
250A-250D, the control system 224 utilizes a plurality of
possible commutation offsets in Equation 4 to direct current
to the second XZ coil array 246. For each alternative second
X7 commutation offset, the control system 224 determines
(1) the corresponding X force command (“F4,”) and the X
axis amplitude of the current (A_,,,); and (ii) the corre-
sponding Z force command (“F_,”) and the Z axis amplitude
of the current (A, ) necessary to maintain the stage in the
correct, levitated position. The control system 224 deter-
mines the correct value for the second X7 commutation
offset x,, 4, value by determining the lowest Z force com-
mand F_, or the lowest Z axis amplitude of the current
(A, xz>) necessary to maintain the position of the stage.

After all of the movers 250A-250D have been selected,
this commutation process is completed at step 482. It should
be noted that one advantage of this method is that it relies on
adjusting only the Z force. As a result thereof, any distur-
bance forces along X and Y axes should not adversely
influence the calculations of the commutation offsets. It
should also be noted that the sequence of determining the
commutation offsets for the movers 250A-250D can be
different than that described herein.

In summary, with this embodiment, a constant Z force is
required from each of the movers 250A-250D to support the
weight of the stage. Next, the commutation offset for one
mover 250A-250D at a time can be smoothly adjusted. As
the possible offset changes, the required commutation
amplitude to provide the necessary Z force will change. As
the possible offset approaches the correct value, the Z
commutation amplitude will decrease, although the actual Z
force remains constant. In this way, the software of the
control system 224 can search for the commutation offset
where the constant Z force is produced with the minimum
commutation amplitude. This value should be the correct
commutation offset to use for that mover.

FIG. 5A is a flow chart that illustrates a different process
that can be used by the control system 224 to estimate the
commutation offset y, v, ¥, 3225 Xoxz1> Xo.x22 fOr €ach of
the movers 250A-250D. In this embodiment, at step 570, the
stage is levitated using all of the movers 250A-250D. For
example, during step 570, an approximately correct com-
mutation offset can be used for each of the movers 250A-
250D.

Next, the commutation offset y,, 11, ¥, yz2: Xo xz15 Xoxz2
for each of the movers 250A-250D is individually and
sequentially determined. More specifically, at step 572, one
of the movers 250-250D is selected for determining its
commutation offset. For example, the first YZ mover 250A
can be initially selected to determine the first YZ commu-
tation offset (*y,, y, 7). Next, at step 574, with the stage held
in a substantially constant position through closed loop
control of the movers 250A-250D, the control system 224
sequentially selects a number of alternative possible com-
mutation offsets for use in Equation 1.

For each alternative possible commutation offset, at step
576, the control system 224 determines (i) the corresponding
Y force command (“Fy,”) for the first YZ mover 250A, and
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(ii) the corresponding 7 force command (“F,”) for the first
YZ mover 250A necessary to maintain the stage in the
correct position along the Y axis. Subsequently, at step 577,
the control system subsequently, determines the Y axis
amplitude of the current (A, ) required to produce the Y
force command (“Fy,”); and the Z axis amplitude of the
current (A, ;) required to produce the Z force command
(Fz7).

As the possible commutation offset changes, the force
commands and the corresponding current commands gen-
erated by the control system 224 will change. More specifi-
cally, absence disturbances, as the possible commutation
offset approaches the correct value, the Y force command
F;, and the corresponding Y axis amplitude of the current
(A, y) Tor the first YZ mover 250A will approach zero; and
as the possible commutation offset moves away from the
correct value, the Y force command F, and the correspond-
ing Y axis amplitude of the current (A, ) for the first YZ
mover 250A will move away from zero. Stated in another
fashion, absent disturbances, the correct possible commuta-
tion offset occurs at a zero Y force command Fy, and a zero
Y axis amplitude of the current (A, ;). This is because,
absent disturbances, zero force is required to maintain the
position of the stage along the Y axis. Thus, at step 578, in
one embodiment, the control system 224 determines the
correct value for the first YZ commutation offset y,, y,, value
by determining when the Y force command F, and/or the
corresponding Y axis amplitude of the current (Ay,) is zero.

FIG. 5B is a graphic illustration of how the Y force
command corresponds to various first YZ commutation
offsets y, y;. In this embodiment, the control system 224
identifies when the Y force command F, is equal to zero,
and subsequently identifies its corresponding possible com-
mutation offset as the first YZ commutation offset y,, 3. In
FIG. 5B, the correct commutation offset is circled with a
square. One advantage of this method is that the Y force
command Fy, versus YZ commutation offset y, y,, curve
crosses zero and has a maximum slope at zero (the correct
YZ commutation offset y, ;). This makes it easier to
determine the proper YZ commutation offset y,, ., .

Referring back to FIG. 5A, after the first YZ commutation
offset y, y, is determined, at step 578, the control system
224 determines if all of the movers 250A-250D have been
selected. If not, the next mover 250A-250D, e.g. the second
YZ mover 2508, is selected, and the process is repeated to
determine the second YZ commutation offset (“y, y»").
Again, with the stage held in a substantially constant posi-
tion through closed loop control of the movers 250A-250D,
the control system 224 utilizes a plurality of possible com-
mutation offsets in Equation 2 to direct current to the second
YZ coil array 242. For each alternative possible commuta-
tion offset, the control system 224 determines (i) the corre-
sponding Y force command (“F;,”) and Y axis amplitude of
the current (A y,); and (i) the corresponding 7 force
command (“F,”) and the Z axis amplitude of the current
(A, yz») necessary to maintain the stage in the correct
position. The control system 224 determines the correct
value for the second YZ commutation offset y,, ., value by
determining when the Y force command F;, and/or the
corresponding Y axis amplitude of the current (A, y,) is
zero or approximately zero.

This process is again repeated for the first XZ mover 250C
to determine the second X7 commutation offset (“x, y,”
Again, with the stage held in a substantially constant posi-
tion through closed loop control of the movers 250A-250D,
the control system 224 utilizes a plurality of possible com-
mutation offsets in Equation 3 to direct current to the first
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XZ coil array 244. For each alternative possible commuta-
tion offset, the control system 224 determines (i) the corre-
sponding X force command (“F4,”) and the X axis ampli-
tude of the current (A, x); and (ii) the corresponding Z
force command (“F;”) and the Z axis amplitude of the
current (A, ) necessary to maintain the stage in the
correct position. The control system 224 determines the
correct value for the first XZ commutation offset x,, y,, value
by determining when the X force command F, and/or the
corresponding X axis amplitude of the current (A, ;) is
Zero.

Finally, the process is repeated for the second X7 mover
250D to determine the second X7 commutation offset
“X,xz2 ). Again, with the stage held in a substantially
constant position through closed loop control of the movers
250A-250D, the control system 224 utilizes a plurality of
possible commutation offsets in Equation 4 to direct current
to the second X7 coil array 246. For each alternative
possible commutation offset, the control system 224 deter-
mines (i) the corresponding X force command (“F,”) and
the X axis amplitude of the current (A, ,,); and (ii) the
corresponding 7 force command (“F_,”) and the 7 axis
amplitude of the current (A, ,,,) necessary to maintain the
stage in the correct position. The control system 224 deter-
mines the correct value for the second X7 commutation
offset X, ., value by determining when the X force com-
mand F,, and/or the corresponding X axis amplitude of the
current (A, ,,) is zero or approximately zero.

After all of the movers 250A-250D have been selected,
this commutation process is completed at step 582.

FIG. 6 is a simplified control block diagram of another
embodiment of a control system 624 that can be used to
determine the commutation offset for each of the movers
250A-250D (illustrated in FIG. 2). In this embodiment, the
control block diagram 624 is somewhat similar to the control
block diagram illustrated in FIG. 3. However, in FIG. 6, the
control system 624 includes three test related blocks, namely
a test force command block 670, a test commutation block
672, and an actual force output block 674.

It should be noted that the test related blocks 670, 672,
674 are used to evaluate only one mover 250A-250D at a
time, and only during the determination of its commutation
offset. Stated in another fashion, during the calibration of
each mover, the test related blocks 670, 672, 674 are used
with the closed loop control the mover 250A-250D being
evaluated, and the test related blocks 670, 672, 674 are not
used to control the movers 250A-250D that are not currently
being evaluated. Subsequently, after all of the movers 250 A-
250D have been evaluated, the control block diagram 624
without the test related blocks 670, 672, 674 can be used to
control the movers 250A-250D during usage of the stage
assembly.

In FIG. 6 (similar to FIG. 3), (i) “r” represents a desired
reference position; (ii) “m” represents the measured, actual
momentary, position; and (iii) “e” represents a following
error between the desired position “r” and the measured
output position “m”. Further, starting at the left side of the
control block diagram 624, the desired trajectory “r” is fed
into the control system 624 along with the measured position
“m”. Next, the control system 624 determines the following
error “e”. Subsequently, the following error “e” is fed into a
feedback control 652 of the control system 624. The feed-
back control 652 determines the forces along the X, Y and/or
Z axes that are necessary to correct the following error (e.g.
the forces necessary to move a center of gravity (“CG”) of
the stage 220A to the desired trajectory “r””). One or more of
the movers 250A-250D of the stage mover assembly 220C
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may not push through the center of gravity of the stage
220A. In these embodiments, the control system 624 can
include a center of gravity force compensation map 654 that
compensates for this.

Next, a force distribution 656 determines the force com-
mands for each of the movers 250A-250D necessary to
correct the following error. Based on the following error “e”,
the control system 224 determines the magnitude of the
forces generated by the movers 250A-250D necessary to
correct the following error. More specifically, the control
system determines the required magnitude of (i) a first Y
force command (Fy,) and a first Z force command (F,,) for
the first YZ mover 250A; (ii) a second Y force command
(Fy») and a second Z force command (F,) for the second
YZ mover 250B; (iii) a first X force command (Fy,) and a
third Z force command (F ;) for the first XZ mover 250C;
and (iv) a second X force command (F,,) and a fourth Z
force command (F,,) for the second XZ mover 250D.
Subsequently, from these force commands, the amplitudes
of the currents can be determined. More specifically, (i)
A,y can be determined from the first Y force command
Fy: () A, 3z can be determined from the first Z force
command F,; (iii) A, ., can be determined from the
second Y force command Fy.; (iv) A, y» can be determined
from the second Z force command F,; (v) A, ., can be
determined from the first X force command Fy,; (Vi) A, vz,
can be determined from the third Z force command F; (vii)
A, xz» can be determined from the second X force command
Fy»; and (viii) A, y, can be determined from the fourth Z
force command F,.

With the present invention, the control system 624
imparts a test force command 670 on the selected mover
250A-250D at block 670. The magnitude of the test force
can be varied pursuant to the teachings provided herein. The
test force command should be large enough to have a good
signal to noise ratio, but small enough not to make the closed
loop control of the position of the stage unstable. In one
non-exclusive embodiment, the test force command can be
sixty Newton. Alternatively, the test force command can be
greater or less than sixty Newton

To maintain the same closed-loop system behaviors dur-
ing calibration, an extra motor commutation function may
be conducted to transform the test force command to test
current commands for the mover 250A-250D that is being
calibrated. Those test current commands then are added up
to those in the closed loop before being sending out to the
amplifiers. More specifically, the test commutation 672 and
the mover commutations 658 are utilized to determine the
currents that are directed to the U, V, W phases of the
particular coil array 240, 242, 244, 246 being calibrated.
Further, the mover commutations 658 (without the test
commutation 672) are utilized to determine the currents that
are directed to the U, V, W phases of the other coil arrays
240, 242, 244, 246 that are not currently being tested. Thus,
during calibration, for the three movers 250A-250D that are
not currently being tested, the U, V, W currents can be
calculated using Equations 1-4.

It the mover 250A-250D being tested is a YZ mover
250A, 250B, the following commutation equations can be
used to determine the magnitude of the current to be directed
to the different phases of that YZ mover 250A, 250B:
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In this Equation, (i) I,, y is the current directed to the U
phase coil(s); (ii) I, y is the current directed to the V phase
coil(s); (iii) I,, y is the current directed to the W phase
coil(s); (iv) y is the present measured position along the Y
axis; (v) A, y,is the amplitude of the current (Y axis current
amplitude”) required to produce the desired force along the
Y axis for the selected YZ mover 250A/B determined by the
control system 224; (vi) A, ;. is the amplitude of the current
(“Z axis current amplitude”) required to produce the desired
force along the Z axis for the selected YZ mover 250A/B
determined by the control system 224; (vii) A the amplitude
of'the current (“Test current amplitude™) required to produce
the desired test force along the Y axis for the selected YZ
mover 250A/B determined by the control system 224; (vii)
Yorz 18 the default offset, roughly determined beforehand
and (viii) y, 7 is a possible test offset.

It should be noted that these equations combine both the
test commutation 672 and the mover commutations 658 into
the same equation. Further, during the process of estimating
the commutation offset of a particular YZ mover 250A,
250B, various possible test offsets are sequentially used in
Equation (5) to determine the current for the mover that is
being evaluated.

Somewhat similarly, if the mover being tested is a XZ
mover 250C, 250D, the following commutation equations
can be used to determine the magnitude of the current to be
directed to the different phases of that XZ mover:
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Equation (6)

x+xoyxz)

T cos(Zﬂ- x—+ Yo Xz )

+ 2. + 2r
Sm(z,,. THloxz 27 m(z,,. THioxz _] _
L 3 L
i X+X,x7 4w X+ X x7
sm(Zn E T + ?] cos(Zﬂ E T + ?]
. X+ XoTE
sm(Zn- T )

e X+X, 75 2w
sm( - T +?] SAT.

. X+X,7E 4w
sm(Zn- —— + —]
L 3

In BEquation 6, (i) I, y is the current directed to the U
phase coil(s); (ii) I,y is the current directed to the V phase
coil(s); (iii) 1,, x is the current directed to the W phase
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coil(s); (iv) X is the present measured position along the X
axis; (v) A, is the amplitude of the current (*X axis
current amplitude”) required to produce the desired force
along the X axis for the selected XZ mover 250C, 250D
determined by the control system 224; (vi) A, . is the
amplitude of the current (“Z axis current amplitude”™)
required to produce the desired force along the Z axis for the
selected X7 mover 250C, 250D determined by the control
system 224; (vii) A is the amplitude of the current (“Test
current amplitude™) required to produce the desired test
force along the X axis for the selected X7 mover 250C,
250D determined by the control system 224; (vii) X,, 5 is the
default offset, roughly determined beforehand, and (viii)
X, 7z 18 a possible test offset.

Next, at block 660, the current is directed to the movers
250A-250D and this causes the stage to move. It should be
noted that the force output block 674 is used to determine the
actual force along the X, Y and Z axis that results from the
test force being imparted by the mover being tested. Stated
in another fashion, when the test force is imparted by the
mover being evaluated, the control system 624 operating in
a closed loop fashion, must determine the other forces
necessary to maintain the position of the stage. Thus, the
force output block 674 is used to provide the actual force
imparted on the stage by the test force command.

As provided herein, if one of the YZ movers is being
tested, and if the test offset is close to optimal, a test force
command of sixty Newton along the Y axis will impart an
actual force on the stage of (i) approximately sixty Newton
and reaching its maximal magnitude along the Y axis, (ii)
approximately zero Newton along the Z axis, and (iii)
approximately zero Newton along the X axis. However,
when the test offset is not correct, a test force command of
sixty Newton along the Y axis will result in an actual force
on the stage of (i) less than sixty Newton along the Y axis,
(i1) non-zero Newton along the Z axis, and (iii) non-zero
Newton along the X axis. Similarly, if one of the XZ movers
is being tested, and if the test offset is close to optimal, a test
force command of sixty Newton along the X axis will impart
an actual force on the stage of (i) approximately sixty
Newton and reaching its maximal magnitude along the X
axis, (ii) approximately zero Newton along the Z axis, and
(iii) approximately zero Newton along the Y axis. However,
when the test offset is not correct, a test force command of
sixty Newton along the X axis will result in an actual force
on the stage of (i) less than sixty Newton along the X axis,
(i1) non-zero Newton along the Z axis, and (iii) non-zero
along the Y axis.

It should be noted that, in order to measure the resulting
force generated by the test force command 670, the original
stage center-of-gravity force command values before cali-
bration with a zero test force command 675 needs to be
subtracted from those during calibration prior to the force
output block 674.

FIG. 7 is a flow chart that illustrates a process that can be
used by the control system 624 to sequentially estimate the
commutation offset y, v, Y, 3225 Xoxz1> Xo.xz2 f0r €ach of
the movers 250A-250D. In this embodiment, at step 770, the
stage is levitated using all of the movers 250A-250D. For
example, during step 770, an approximately correct com-
mutation offset can be used for each of the movers 250A-
250D.

Next, the commutation offset ¥, y1, Yo yzs X, xz15 Xoxz2
for each of the movers 250A-250D is individually and
sequentially determined while the stage is maintained in a
levitated position using closed loop control. More specifi-
cally, at step 772, one of the movers 250-250D is selected for
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determining its commutation offset. For example, the first
XZ mover 250C can be initially selected to determine the
first X7 commutation offset (“X, x,”"). Next, with the stage
held in a substantially constant position through closed loop
control of the movers 250A-250D, the control system 224
applies a test force along the X axis, e.g. sixty Newton to the
command of the first XZ mover 250C. FIG. 8A is graph that
illustrates a test force (entered into the test force command
670 of FIG. 6) versus time. In this example, the test force
command of sixty Newton along the X axis is applied from
time zero to time seventy-two seconds by the first XZ mover
250C.

At this time, current to the U, V, W, phases of the first XZ
mover 250C are determined. At step 776, the possible test
offsets are sequentially varied. FIG. 8B is graph that illus-
trates possible test offsets versus time. In this example, the
possible test offset varies from zero to seventy-two milli-
meters from time zero to time seventy-two seconds. In this
example, the test offset for the test force command is
gradually changed from the default value to cover the entire
commutation pitch (72 mm). The test offset will then gen-
erate extra three phase current commands for the mover that
is being calibrated. These extra three phase current com-
mands versus time are illustrate in FIG. 8C.

At step 778, the control system calculates the force
commands and the corresponding current amplitudes for
each test offset for the selected mover. Stated in another
fashion, in the present example, for each possible test offset,
current to the U, V, W, phases of the first XZ mover 250C
are determined, and the forces are applied to the stage. FIG.
8C is graph that illustrates the resulting open current com-
mands directed to the U phase (illustrated with a solid line),
the V phase (illustrated with a long dashed line), and the W
phase (illustrated with a short dashed line) for the first XZ
mover 250C versus time. Basically, FIG. 8C illustrates how
the current to the U, V, W phases of the first XZ mover 250C
varies with a constant test force, and a changing test offset.

Next, at step 780, the actual force output from the test
force command for each test offset is determined by the
force output 674 (illustrated in FIG. 6). FIG. 8D is a graph
that illustrates the X axis force imparted on the stage as a
result of the test force for each test offset; FIG. 8E is a graph
that illustrates the Z axis force imparted on the stage as a
result of the test force for each test offset; and FIG. 8F is a
graph that illustrates the Y axis force imparted on the stage
as a result of the test force for each test offset. It should be
noted that for the X7 mover, the X force and the Z force vary
greatly as the test offset varies, while the Y force varies only
slightly as the test offset varies.

Referring back to FIG. 7, at step 782, using the data
regarding the actual force output, the control system deter-
mines the first X7 commutation offset for the first X7 mover
250C.

The actual procedure used to determine the first XZ
commutation offset from this data can be varied. As one
non-exclusive example, the control system 624 can utilize
the X axis force data (illustrated in FIG. 8D) to determine the
first X7 commutation offset. In this example, the first XZ
mover 250C was designed and assembled so that the first X7
coil array 244 is properly aligned at the X position of
thirty-six millimeters. However, referring to FIG. 8D, the X
force data has the largest negative value at a test offset of
approximately 35.35 millimeters. In this example, the first
X7 commutation offset can be determined by the absolute
value of the X designed position minus the test offset. In this
simplified example, the first X7 commutation offset is 0.65
(136-35.351=0.65).
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In an alternative embodiment, the control system 624 can
utilize the 7 axis force data (illustrated in FIG. 8E) to
determine the first X7 commutation offset. In this example,
the first XZ mover 250C was designed and assembled so that
the first XZ coil array 244 is properly aligned at the Z
position of eighteen millimeters. However, referring to FIG.
8E, the Z axis force data has the largest negative value at a
test offset of approximately 17.42 millimeters. In this
example, the first X7 commutation offset can be determined
by the absolute value of the Z designed position minus the
test offset. In this simplified example, the first XZ commu-
tation offset is 0.58 (118-17.421=0.58).

In yet another embodiment, the first X7 commutation
offset can be the average value of that determined utilizing
the X axis force data and the Z axis force data. In the
example provided herein, the first X7 commutation offset
would be equal to 0.615 ((0.65+0.58)/2=0.615).

Referring back to FIG. 7, in still another embodiment, for
each selected mover, at optional step 781 (illustrated with a
dashed box), the previously described steps 774-780 can be
repeated for a number of alternative positions for the stage
relative to the stage base. The number of alternative posi-
tions can be varied. For example, with a constant Z position
of the stage, steps 774-780 can be repeated for a first X-Y
stage position, a second X-Y stage position, a third X-Y
stage position, and a fourth X-Y stage position. In this
example, stage is moved along the X axis and/or the Y axis
between the different X-Y stage positions.

FIG. 8G is a graph that illustrates the X axis force
imparted on the stage as a result of the test force for a portion
of the test offsets and for each X-Y stage position; and FIG.
8H is a graph that illustrates the Z axis force imparted on the
stage as a result of the test force for a portion of the test
offsets and for each X-Y stage position. It should be noted
that in FIGS. 8G and 8H, (i) line 801 (short dashes)
represents the results for the first X-Y stage position, (ii) line
803 (solid line) represents the results for the second X-Y
stage position, (iii) line 805 (long dashes) represents the
results for the third X-Y stage position, and (iv) line 807
(dotted line) represents the results for the fourth X-Y stage
position. Further, for clarity, (i) in FIG. 8G, the test offsets
are only illustrated near the designed position of 36 milli-
meters; and (i) in FIG. 8H, the test offsets are only illus-
trated near the designed position of 18 millimeters.

In this example, the first X7 commutation offset can be
determined from the absolute value of the X designed
position minus the average value of the test offset for each
X-Y stage position using the X axis forces. Referring to FIG.
8G, in this simplified example, (i) for the first X-Y stage
position, the test offset is 35.9; (ii) for the second X-Y stage
position, the test offset is 35.8; (iii) for the third X-Y stage
position, the test offset is 35.7; and (iv) for the fourth X-Y
stage position, the test offset is 36.2. In this embodiment, the
first X7, commutation offset is 0.1 (136—((35.9+35.8+35.7+
36.2)/4)1=0.1).

Alternatively, in this example, the first X7 commutation
offset can be determined the absolute value of the Z designed
position minus the average value of the test offset for each
X-Y stage position using the Z axis forces. Referring to FIG.
8H, in this simplified example, (i) for the first X-Y stage
position, the test offset is 17.7; (ii) for the second X-Y stage
position, the test offset is 17.8; (iii) for the third X-Y stage
position, the test offset is 17.9; and (iv) for the fourth X-Y
stage position, the test offset is 17.6. In this embodiment, the
first XZ commutation offset is 0.25 (118—((17.7+17.8+17.9+
17.6)/4)1=0.25).
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In yet another embodiment, the first XZ commutation
offset can be the average value of that determined utilizing
the X axis force data and the Z axis force data for the
plurality of X-Y positions. In this example, first X7 com-
mutation offset is 0.175 ((0.1+0.25)/2=0.175).

In still another alternative embodiment, the stage can be
maintained at a substantially constant X-Y position and the
Z axis position of the stage can be changed. For example,
with a constant X-Y position of the stage, steps 774-780 can
be repeated for a first Z stage position, a second Z stage
position, a third Z stage position, and a fourth Z stage
position. FIG. 81 is a graph that illustrates the X axis force
imparted on the stage as a result of the test force for a portion
of the test offsets and for each Z stage position; and FIG. 8]
is a graph that illustrates the Z axis force imparted on the
stage as a result of the test force for a portion of the test
offsets and for each Z stage position. It should be noted that
in FIGS. 81 and 87, (i) line 809 (short dashes) represents the
results for the first Z stage position, (ii) line 811 (solid line)
represents the results for the second Z stage position, (iii)
line 813 (long dashes) represents the results for the third Z
stage position, and (iv) line 815 (dotted line) represents the
results for the fourth Z stage position. Further, for clarity, (i)
in FIG. 8L, the test offsets are only illustrated near the
designed X axis position of 36 millimeters; and (ii) in FIG.
81, the test offsets are only illustrated near the designed Z
axis position of 18 millimeters.

In this example, the first X7 commutation offset can be
determined from the absolute value of the X designed
position minus the average value of the test offset for each
Z stage position using the X axis force. Referring to FIG. 81,
in this simplified example, (i) for the first Z stage position,
the test offset is 36.5; (ii) for the second Z stage position, the
test offset is 35.5; (iii) for the third Z stage position, the test
offset is 35.0; and (iv) for the fourth Z stage position, the test
offset is 35.7. In this embodiment, the first X7 commutation
offset is 0.325 (136—((36.5+35.5+35.0+35.7)/4)1=0.325).

Alternatively, in this example, the first X7 commutation
offset can be determined the absolute value of the Z designed
position minus the average value of the test offset for each
Z stage position using the Z axis force. Referring to FIG. 8H,
in this simplified example, (i) for the first Z stage position,
the test offset is 17.0; (ii) for the second Z stage position, the
test offset is 17.5; (iii) for the third Z stage position, the test
offset is 17.7; and (iv) for the fourth Z stage position, the test
offset is 18.5. In this embodiment, the first X7 commutation
offset is 0.675 (118-((17.0+417.5417.7418.5)/4)1=0.675).

In yet another embodiment, the first XZ commutation
offset can be the average value of that determined utilizing
the X axis force data and the Z axis force data for the
plurality of Z positions. In this example, first XZ commu-
tation offset is 0.5 ((0.325+0.675)/2=0.5).

Referring back to FIG. 7, after the first XZ commutation
offset x,, y, is determined, at step 784, the control system
624 determines if all of the movers 250A-250D have been
selected. If not, at step 772, the next mover 250A-250D, e.g.
the second X7 mover 250D, can be selected, and the process
is repeated to determine the second X7 commutation offset
("X, xz2"). Again, with the stage held in a substantially
constant position through closed loop control of the movers
250A-250D, the control system 224 applies the test force
and at step 776, the possible test offsets are sequentially
varied.

At step 778, the control system calculates the force
commands and the corresponding current amplitudes for
each test offset for the selected mover. Stated in another
fashion, in the present example, for each possible test offset,
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current to the U,V, W, phases of the second XZ mover 250D
are determined, and the forces are applied to the stage.

Next, at step 780, the actual force output from the test
force for each test offset is determined by the force output
674 (illustrated in FIG. 6). At step 782, using the data
regarding the force output, the control system determines the
second X7 commutation offset for the second XZ mover
250D. The procedures described above can be used to
determine the second X7 commutation offset from this data.

As one non-exclusive example, the control system 624
can utilize the X force data, the Z force data or a combina-
tion thereof to calculate the second X7 commutation offset.

After the second X7 commutation offset X, y, is deter-
mined, at step 784, the control system 624 determines if all
of'the movers 250A-250D have been selected. If not, at step
772, the next mover 250A-250D, e.g. the first YZ mover
250A, can be selected, and the process is repeated to
determine the first YZ commutation offset (*y,, y,”). Again,
with the stage held in a substantially constant position
through closed loop control of the movers 250A-250D, the
control system 224 applies the Y test force and at step 776,
the possible test offsets are sequentially varied.

At step 778, the control system calculates the force
commands and the corresponding current amplitudes for
each test offset for the selected mover. Stated in another
fashion, in the present example, for each possible test offset,
current to the U,V, W, phases of the first YZ mover 250A are
determined, and the forces are applied to the stage.

Next, at step 780, the actual force output from the test
force for each test offset is determined by the force output
674 (illustrated in FIG. 6). It should be noted that for the YZ
mover, the Y force and the Z force vary greatly as the test
offset varies, while the X force varies only slightly as the test
offset varies. At step 782, using the data regarding the force
output, the control system determines the first YZ commu-
tation offset for the first YZ mover 250A. Somewhat similar
procedures as described above can be used to determine the
first YZ commutation offset from this data.

As non-exclusive examples, the control system 624 can
utilize the Y axis force data, the Z axis force data or a
combination thereof (with or without various X-Y-Z posi-
tions) to calculate the first YZ commutation offset.

After the first YZ commutation offset y,, y, is determined,
at step 784, the control system 624 determines if all of the
movers 250A-250D have been selected. If not, at step 772,
the next mover 250A-250D, e.g. the second YZ mover
250A, can be selected, and the process is repeated to
determine the second YZ commutation offset (“y, y»").
Again, with the stage held in a substantially constant posi-
tion through closed loop control of the movers 250A-250D,
the control system 224 applies the Y test force and at step
776, the possible test offsets are sequentially varied.

At step 778, the control system calculates the force
commands and the corresponding current amplitudes for
each test offset for the selected mover. Stated in another
fashion, in the present example, for each possible test offset,
current to the U,V, W, phases of the second YZ mover 250B
are determined, and the forces are applied to the stage.

Next, at step 780, the actual force output from the test
force for each test offset is determined by the force output
674 (illustrated in FIG. 6). At step 782, using the data
regarding the force output, the control system determines the
second YZ commutation offset for the second YZ mover
250B. Somewhat similar procedures as described above can
be used to determine the second YZ commutation offset
from this data. As non-exclusive examples, the control
system 624 can utilize the Y axis force data, the Z axis force
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data or a combination thereof (with or without various
X-Y-Z positions) to calculate the second YZ commutation
offset.

After all of the movers 250A-250D have been selected,
this commutation process is completed at step 786. It should
be noted that with this procedure, because all the closed-loop
parameters, including feedback filter parameters, force dis-
tribution matrix, and motor commutations remain the same
during the entire calibration process, the system stability and
closed-loop performance maintain its good shape without
any concern. Furthermore, because the force output is asso-
ciated with the test force command, any cable force effect
can be completely removed from the calibration.

The present invention is also directed to one or more
compensation methods that significantly reduce the follow-
ing error for the stage assemblies 18, 20 (illustrated in FIG.
1). For example, the compensation methods disclosed herein
can be used to reduce the following error for a planar motor
type stage assembly 220 like that illustrated in FIG. 2A.
Alternatively, the compensation methods disclosed herein
can be used to reduce the following error for all different
types of movers, such as a single axis linear mover, a two
axis mover, or a three axis mover. Moreover, the compen-
sation methods disclosed herein can be used in mover
designs that utilize coils that are moved relative to magnets,
or magnets that are moved relative to coils.

As provided herein, in one embodiment, the compensa-
tion method is used by the control system 24 (illustrated in
FIG. 1) to generate a separate compensation map for each
stage mover assembly 18C, 20C that details the specific
characteristics of each stage mover assembly 18C, 20C over
their entire range of travel or a portion thereof. Subse-
quently, the compensation maps are used by the control
system 24 to control the respective stage mover assembly
18C, 20C, and position each stage 18A, 20A (illustrated in
FIG. 1) with improved accuracy.

Referring back to FIG. 2A, in one embodiment, the stage
mover assembly 220C includes four sets of three-phase, two
degree of freedom movers 250A, 250B, 250C, 250D. Fur-
ther, each of the movers 250A, 2508, 250C, 250D generates
either an X or Y force, and a Z force. In this embodiment,
the control system 224 utilizes eight mover force commands
(two for each mover) to control the four movers 250A,
250B, 250C, 250D to position the stage 220A with six
degrees of freedom (along the X, Y, and Z axes, and about
the X, Y, and 7 axes). With this design, there are two
redundant 7 forces created by the movers 250A, 2508,
250C, 250D that can be used to minimize twisting force and
to balance theta Z moment contribution from the X and Y
forces. Further, the pitch moments due to the X and Y forces
can be cancelled by the mover Z force commands.

FIG. 9 is a simplified graph that illustrates the steps that
can be performed by the processor of the control system to
generate the compensation map. As an overview, in one
embodiment, the control system uses one or more, single
frequency excitation signals at a plurality of alternative,
stage test positions to check force ripples and side force
effects on the center of gravity force/moment commands for
the mover assembly at each of the test positions. Subse-
quently, the control system can generate the compensation
map from the information of the force/moment commands.

As provided herein, at step 900, a plurality of alternative
test positions are determined. The number of alternative test
positions can be varied. Generally speaking, the accuracy of
the positioning of the stage increases as the number of
alternative test positions is increased. For example, FIG.
10A is a simplified illustration of one non-exclusive example
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of'a plurality of alternative test positions 1010, with each test
position 1010 being represented as a small circle. In this
example, there are two hundred and twenty-five alternative
test positions 1010 that are positioned along a two dimen-
sional, fifteen by fifteen grid (labeled 1-15 for convenience
of discussion) that is oriented along the X axis and the Y
axis. Typically, the number of different test positions 1010 is
greater than two hundred and twenty-five. For example, in
alternative non-exclusive examples, there are at least
approximately twenty-five hundred, five thousand, ten thou-
sand, or twenty thousand test positions 1010. Alternatively,
the number of different test positions can be less than two
hundred and twenty-five.

It should noted that any of the test positions 1010 can be
referred to as a first, second, third, fourth, etc test position
1010. As a non-exclusive example, (i) the test position 1010
at X=1, Y=1 can be referred to as the first test position; (ii)
the test position 1010 at X=1, Y=2 can be referred to as the
second test position; and (iii) the test position 1010 at X=1,
Y=3 can be referred to as the third test position.

Moreover, in the example illustrated in FIG. 10A, for each
of the alternative test positions 1010, a center of gravity of
the stage is in approximately the same position along the 7
axis, and about the X, Y, and Z axes. Alternatively or
additionally, the position of the stage along the Z axis, and/or
about the X, Y, and/or Z axes can also be varied between
some or all of the test positions 1010.

FIGS. 10B and 10C are simplified illustration of an
excitation signal. More specifically, FIG. 10B illustrates
position versus time for an excitation signal and FIG. 10C
illustrates acceleration versus time for the excitation signal.
As illustrated in FIGS. 10B, 10C, the excitation signal
includes a settling time during which the control of the stage
assembly is settling and a measurement time during which
useful data can be obtained. For example, as one example,
force commands during the measurement time can be uti-
lized to generate the compensation map. As provided herein,
the measurement time can be predetermined.

Referring back to FIG. 9, at step 902, the center of gravity
of the stage is moved by the stage mover assembly to a
previously unselected test position, e.g. the first test position
(X1, Y1). With the stage at the first test position, at step 904,
the control system applies an X axis excitation signal to the
control of the stage mover assembly. The X axis excitation
signal is designed to cause the stage mover assembly to
move that stage back and forth along the X axis at the
selected amplitude and selected frequency of the X axis
excitation signal.

FIG. 11A is a graph that illustrates a first set of excitation
signals that includes six separate excitation signals 1102,
1104, 1106, 1108, 1110, 1112 versus time that are sequen-
tially applied to the control of the mover assembly with the
stage positioned at the first test position. Subsequently, the
set of six separate excitation signals 1102, 1104, 1106, 1108,
1110, 1112 are sequentially applied to the control of the
mover assembly for each subsequent test position of the
stage. It should be noted that any of the excitation signals
1102, 1104, 1106, 1108, 1110, 1112 can be referred to as a
first, second, third, fourth, fifth, or sixth excitation signal.

FIG. 11B is a graph that illustrates the X axis following
error versus time that results from the six excitation signals
1102, 1104, 1106, 1108, 1110, 1112 with the stage at the first
stage position; FIG. 11C is a graph that illustrates the Y axis
following error versus time that results from the six excita-
tion signals 1102, 1104, 1106, 1108, 1110, 1112 with the
stage at the first stage position; FIG. 11D is a graph that
illustrates the Z axis following error versus time that results
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from the six excitation signals 1102, 1104, 1106, 1108, 1110,
1112 with the stage at the first stage position; FIG. 11E is a
graph that illustrates the theta X following error versus time
that results from the six excitation signals 1102, 1104, 1106,
1108, 1110, 1112 with the stage at the first stage position;
FIG. 11F is a graph that illustrates the theta Y following error
versus time that results from the six excitation signals 1102,
1104, 1106, 1108, 1110, 1112 with the stage at the first stage
position; and FIG. 11G is a graph that illustrates the theta Z
following error versus time that results from the six excita-
tion signals 1102, 1104, 1106, 1108, 1110, 1112 with the
stage at the first stage position.

Moreover, FIG. 11H is a graph that illustrates the X axis
force commands versus time that results from the six exci-
tation signals 1102, 1104, 1106, 1108, 1110, 1112 with the
stage at the first stage position; FIG. 111 is a graph that
illustrates the Y axis force commands versus time that results
from the six excitation signals 1102, 1104, 1106, 1108, 1110,
1112 with the stage at the first stage position; FIG. 11J is a
graph that illustrates the Z axis force commands versus time
that results from the six excitation signals 1102, 1104, 1106,
1108, 1110, 1112 with the stage at the first stage position;
FIG. 11K is a graph that illustrates the theta X moment
commands versus time that results from the six excitation
signals 1102, 1104, 1106, 1108, 1110, 1112 with the stage at
the first stage position; FIG. 11L is a graph that illustrates the
theta Y moment commands versus time that results from the
six excitation signals 1102, 1104, 1106, 1108, 1110, 1112
with the stage at the first stage position; and FIG. 11M is a
graph that illustrates the theta Z moment commands versus
time that results from the six excitation signals 1102, 1104,
1106, 1108, 1110, 1112 with the stage at the first stage
position. It should be noted that the force/moment com-
mands can be collectively referred to as control commands.

Referring back to FIG. 11A, starting at approximately
time=0 seconds and continuing until approximately
time=0.35 seconds, the X axis excitation signal 1102 is
applied. Referring also to FIGS. 11B-11G, after the X axis
excitation signal 1102 (illustrated in FIG. 11A) is initially
applied (at approximately time=0) (i) there is a relatively
large X axis error (as illustrated in FIG. 11B); (ii) there is a
small Y axis error (as illustrated in FIG. 11C); (iii) there is
a moderate 7 axis error (as illustrated in FIG. 11D); (iv)
there is a small theta X error (as illustrated in FIG. 11E); (v)
there is a small theta Y error (as illustrated in FIG. 11F); and
(vi) there is a small theta Z axis error (as illustrated in FIG.
11G). Thus, after the X axis excitation signal is initially
applied, in addition to the movement of the stage back and
forth along the X axis, there is also movement of the stage
along the Y and Z axes, and about the X, Y, and Z axes. The
time during which each excitation signal is initially applied
is referred to herein as the “settling time”.

Further, FIGS. 11B-11G illustrate that these following
errors are reduced during the time the X axis excitation
signal 1102 is applied because of the closed loop control of
the control system. More specifically, in this example, after
approximately time=0.2, the following error that results
from the X axis excitation signal for each degree of freedom
is relatively small. Stated in another fashion, following error
that results from the X axis excitation signal for each degree
of freedom is relatively small near the end of the X excita-
tion cycle. The time near the end of each excitation signal is
referred to herein as the “measurement time”.

During the application of the X axis excitation signal, the
control system determines the center of gravity force/mo-
ment commands that result from the X axis excitation signal.
Referring to FIGS. 11A, and 11H-11M, after the X axis
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excitation frequency is initially applied (at approximately
time=0) (i) there is a relatively large X axis force command
(as illustrated in FIG. 11H); (ii) there is a small Y axis force
command (as illustrated in FIG. 111); (iii) there is a small Z
axis force command (as illustrated in FIG. 117J); (iv) there is
a relatively moderately sized theta X moment command (as
illustrated in FIG. 11K); (v) there is a relatively large theta
Y moment command (as illustrated in FIG. 11L); and (vi)
there is a moderately sized theta Z axis moment command
(as illustrated in FIG. 11M). Further, because, in this
example, the following errors (as illustrated in FIGS. 11B-
11G) are relatively small after approximately time=0.2, the
force/moment commands during the measurement time of
approximately time=0.2 to time=0.35 (near the end of the X
excitation cycle) are very accurate for the X axis excitation
signal at this test position. As a result thereof, during this
measurement time, the X axis excitation signal causes the
desired amplitude and frequency movement of the stage
back and forth along the X axis, and almost no movement of
the stage along the Y and Z axes, and about the X, Y, and Z
axes.

Subsequently, in one embodiment, at step 906 of FIG. 9,
the control system can calculate an excitation frequency
discrete Fourier transform (DFT) value for each of the six
center of gravity (CG) force/moment commands within the
measurement time of the X axis excitation signal. This data
can be used in the generation of the compensation map as
described below.

Next, with the stage still at the first test position, at step
908, the control system applies a Y axis excitation signal to
the control of the stage mover assembly. The Y axis exci-
tation signal is designed to cause the stage mover assembly
to move that stage back and forth along the Y axis at the
amplitude and frequency of the Y axis excitation signal. As
illustrated in FIG. 11A, starting at approximately 0.45 sec-
onds and continuing until approximately 0.85 seconds, the Y
axis excitation signal 1104 is applied. FIGS. 11B-11G illus-
trate that after the Y axis excitation signal is initially applied
(at approximately time=0.4) (i) there is a relatively large X
axis error (as illustrated in FIG. 11B); (ii) there is a relatively
large Y axis error (as illustrated in FIG. 11C); (iii) there is
a small sized Z axis error (as illustrated in FIG. 11D); (iv)
there is a relatively small theta X error (as illustrated in FIG.
11E); (v) there is a relatively large theta Y error (as illus-
trated in FIG. 11F); and (vi) there is a relatively small theta
Z axis error (as illustrated in FIG. 11G). Further, FIGS.
11B-11G illustrate that these errors are generally reduced
during the time the Y axis excitation signal is applied
because of the closed loop control of the control system.
More specifically, after approximately time=0.6, the follow-
ing error for each degree of freedom is relatively small.

During the application of the Y axis excitation signal, the
control system determines the center of gravity force/mo-
ment commands that result from the Y axis excitation signal.
FIGS. 11H-11M illustrate that after the Y axis excitation
signal is initially applied (at approximately time=0.45) (i)
there is a relatively small X axis force command (as illus-
trated in FIG. 11H); (ii) there is a relatively large Y axis force
command (as illustrated in FIG. 111); (iii) there is a small
sized Z axis force command (as illustrated in FIG. 110); (iv)
there is a relatively large sized theta X moment command (as
illustrated in FIG. 11K); (v) there is a moderately sized theta
Y moment command (as illustrated in FIG. 11L); and (vi)
there is a small sized theta Z axis moment command (as
illustrated in FIG. 11M). Further, because, in this example,
the following errors (as illustrated in FIGS. 11B-11G) are
relatively small after approximately time=0.6, the force and
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moment commands during the measurement time of
approximately time=0.6 to time=0.75 (near the end of the Y
excitation cycle) are very accurate for the Y axis excitation
signal at this test position. As a result thereof, during this
measurement time, the Y axis excitation signal causes the
desired amplitude and frequency movement of the stage
back and forth along the Y axis, and almost no movement of
the stage along the X and Z axes, and about the X, Y, and Z
axes.

Subsequently, in one embodiment, at step 910 of FIG. 9,
the control system can calculate an excitation frequency
discrete Fourier transform (DFT) value for each of the six
center of gravity (CG) force/moment commands within the
measurement time of the Y axis excitation signal.

Next, with the stage still at the first test position, at step
912, the control system applies a Z axis excitation signal to
the control of the stage mover assembly. The Z axis exci-
tation signal is designed to cause the stage mover assembly
to move that stage back and forth along the 7Z axis at the
amplitude and frequency of the Z axis excitation signal. As
illustrated in FIG. 11A, starting at approximately time=0.8
seconds, the 7 axis excitation signal 1106 is applied. FIGS.
11B-11G illustrate the respective following errors that result
from the application of the Z axis excitation signal. Further,
FIGS. 11B-11G illustrate that these errors are generally
reduced during the time the 7 axis excitation signal is
applied because of the closed loop control of the control
system. More specifically, the following error for each
degree of freedom is relatively small near the end of the
application of the Z axis excitation signal.

During the application of the Z axis excitation signal, the
control system determines the center of gravity force/mo-
ment commands that result from the Z axis excitation signal.
FIGS. 11H-11M illustrate the force and moment commands
that result from the 7 axis excitation signal. Further,
because, the following errors (as illustrated in FIGS. 11B-
11G) are relatively small near the end of the Z axis excitation
cycle, the force and moment commands during this mea-
surement time are very accurate for the 7 axis excitation
signal at this test position.

Subsequently, in one embodiment, at step 914 of FIG. 9,
the control system can calculate an excitation frequency
discrete Fourier transform (DFT) value for each of the six
center of gravity (CG) force/moment commands within the
measurement time of the Z axis excitation signal.

Next, with the stage still at the first test position, at step
916, the control system applies a theta X excitation signal to
the control of the stage mover assembly. The theta X
excitation signal is designed to cause the stage mover
assembly to move that stage back and forth about the X axis
at the amplitude and frequency of the theta X excitation
signal. FIGS. 11B-11G illustrate the respective following
errors that result from the application of the theta X exci-
tation signal. Further, FIGS. 11B-11G illustrate that these
errors are generally reduced during the time the theta X
excitation signal is applied because of the closed loop
control of the control system. More specifically, the follow-
ing error for each degree of freedom is relatively small near
the end of the application of the theta X excitation signal.

During the application of the theta X excitation signal, the
control system determines the center of gravity force/mo-
ment commands that result from the theta X excitation
signal. FIGS. 11H-11M illustrate the force and moment
commands that result from the theta X excitation signal.
Further, because, in this example, the following errors (as
illustrated in FIGS. 11B-11G) are relatively small near the
end of the theta X excitation cycle, the force and moment
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commands during this measurement time are very accurate
for the theta X excitation signal at this test position.

Subsequently, in one embodiment, at step 918 of FIG. 9,
the control system can calculate an excitation frequency
discrete Fourier transform (DFT) value for each of the six
center of gravity (CG) force/moment commands within the
measurement time of the theta X excitation signal.

Next, with the stage still at the first test position, at step
920, the control system applies a theta Y excitation signal to
the control of the stage mover assembly. The theta Y
excitation signal is designed to cause the stage mover
assembly to move that stage back and forth about the Y axis
at the amplitude and frequency of the theta Y excitation
signal. FIGS. 11B-11G illustrate the respective following
errors that result from the application of the theta Y excita-
tion signal. Further, FIGS. 11B-11G illustrate that these
errors are generally reduced during the time the theta Y
excitation signal is applied because of the closed loop
control of the control system. More specifically, the follow-
ing error for each degree of freedom is relatively small near
the end of the application of the theta Y excitation signal.

During the application of the theta Y excitation signal, the
control system determines the center of gravity force/mo-
ment commands that result from the theta Y excitation
signal. FIGS. 11H-11M illustrate the force and moment
commands that result from the theta Y excitation signal.
Further, because, in this example, the following errors (as
illustrated in FIGS. 11B-11G) are relatively small near the
end of the theta Y excitation cycle, the force and moment
commands during this measurement time are very accurate
for the theta Y excitation signal at this test position.

Subsequently, in one embodiment, at step 922 of FIG. 9,
the control system can calculate an excitation frequency
discrete Fourier transform (DFT) value for each of the six
center of gravity (CG) force/moment commands within the
measurement time of the theta Y excitation signal.

Next, with the stage still at the first test position, at step
924, the control system applies a theta Z excitation signal to
the control of the stage mover assembly. The theta Z
excitation signal is designed to cause the stage mover
assembly to move that stage back and forth about the Z axis
at the amplitude and frequency of the theta Z excitation
signal. FIGS. 11B-11G illustrate the respective following
errors that result from the application of the theta Z excita-
tion signal. Further, FIGS. 11B-11G illustrate that these
errors are generally reduced during the time the theta Z
excitation signal is applied because of the closed loop
control of the control system. More specifically, the follow-
ing error for each degree of freedom is relatively small near
the end of the application of the theta Z excitation signal.

During the application of the theta Z excitation signal, at
step 926, the control system determines the center of gravity
force/moment commands that result from the theta Z exci-
tation signal. FIGS. 11H-11M illustrate the force and
moment commands that result from the theta Z excitation
signal. Further, because, in this example, the following
errors (as illustrated in FIGS. 11B-11G) are relatively small
near the end of the theta Z excitation cycle, the force and
moment commands during this measurement time are very
accurate for the theta Z excitation signal at this test position.

Subsequently, in one embodiment, at step 926 of FIG. 9,
the control system can calculate an excitation frequency
discrete Fourier transform (DFT) value for each of the six
center of gravity (CG) force/moment commands within the
measurement time of the theta Z excitation signal.

Next, at step 928, the control system evaluates if all of the
test positions have been selected. If not, the center of gravity
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of'the stage is moved to the next test position (e.g. the second
test position), and the X, Y, Z, theta X, theta Y, and theta Z
excitation signals are sequentially applied and the six force/
moment commands are determined for each of the six
excitation signals. Subsequently, the center of gravity of the
stage is moved to the next test position (e.g. the third test
position), and the X, Y, Z, theta X, theta Y, and theta Z
excitation signals are sequentially applied and the six force/
moment commands are determined for each of the six
excitation signals.

This process is repeated until the X, Y, Z, theta X, theta
Y, and theta Z excitation signals are sequentially applied and
the resulting six force/moment commands are determined
for each of the six excitation signals for each of the test
positions. After that is done, the compensation map can be
generated at step 930.

The selected magnitude and selected frequency of each
excitation signal 1101, 1104, 1106, 1108, 1110, 1112 can be
varied to suit the design requirements of the stage assembly.
For example, the magnitude of each excitation signal can
cause a position excitation of approximately one hundred
microns along the X, Y or Z axis, or rotation of approxi-
mately one hundred microrads about the X, Y, or Z axis.
Alternatively, one or more of the excitation signals can cause
a position excitation of greater than or lesser than these
amounts. In certain embodiments, the frequency of the
excitation signal is lower than the closed loop bandwidth of
the control system. For example, if system has a closed loop
bandwidth of approximately one hundred hertz, the excita-
tion frequency can be selected to be approximately fifty
hertz. As alternative, non-exclusive examples, the excitation
frequency can be a sine wave of approximately 20, 40, 60,
80, 100, 200, 300, 400, or 500 hertz.

Further, the duration of the excitation signal 1101, 1104,
1106, 1108, 1110, 1112 should be long enough to achieve
good force/moment commands. As non-exclusive examples,
each excitation cycle can have a duration of approximately
0.25,0.3,0.4, 0.5, or 0.6 seconds. However, the duration can
be greater to less than these amounts.

Moreover, it should be noted that the present compensa-
tion method can utilize less than six excitation signals per
test position. For example, the method can utilize (i) just
three (e.g. the X, Y, and Z axes) of the excitation signals at
each test position, (ii) just two (e.g. the X, and Y axes) of the
excitation signals at each test position, or (iii) just one (e.g.
the X axis) of the excitation signals at each test position.

Additionally, referring to FIG. 10, it should be noted that
the order in which the test positions 1010 are evaluated can
be varied. In FIG. 10, arrow 1012 illustrates one, non-
exclusive example of the order in which the test positions
1010 can evaluated. In this example, the test positions 1010
with an X value of 1 are sequentially tested moving from
Y=1 to Y=15. Next, the second column are sequentially
tested, X=2 and moving from Y=15 to Y=1. This pattern is
repeated for the entire grid. Alternatively, another order can
be utilized.

FIG. 12 is a simplified control block diagram of a control
system 1224 that can be used to apply the sequential
excitation signals, determine force/moment commands for
each of the test positions, and generate the information for
the compensation map for the mover assembly of FIG. 2A.
With this design, the control system 1224 is able to make the
feedback of the system approximately perfect at the selected
frequency of the excitation signals. In FIG. 12, the control
block diagram 1224 is somewhat similar to the control block
diagram illustrated in FIG. 3. However, in FIG. 12, the
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control system 1224 includes an acceleration feedforward
block 1270, an excitation signal block 1272, and a canceller
block 1274.

In FIG. 12 (similar to FIG. 3), (i) “m” represents the
measured, actual momentary, position; and (ii) “e” repre-
sents a following error. Further, starting at the left side of the
control block diagram 1224, the excitation signal 1272 is fed
into the control system 624 along with the measured position
“m”. Next, the control system 1224 determines the follow-
ing error “e”. Subsequently, the following error “e” is fed
into a feedback control 1252 of the control system 1224.
Further, if one or more of the movers do not push through
the center of gravity of the stage, the control system 1224
can include a center of gravity force compensation map
1254 that compensates for this. Next, a force distribution
1256 determines the force commands for each of the movers
necessary to correct the following error. Subsequently, the
mover commutations 1258 are utilized to determine the
currents that movers. Next, at block 1260, the movers move
the stage.

In the design illustrated in FIG. 12, the acceleration
feedforward block 1270 is used to reduce the transient delay
in the movement of the stage. During movement of the stage,
the desired trajectory of the stage and the mass of the stage
are known. The feedforward block 1270 is used to inject a
force proportional to desired acceleration that is needed to
move the stage moving towards its desired destination. This
reduces the transient delay of the system.

The excitation signal block 1272 is used to sequentially
apply the excitation signals (e.g. the X, Y, Z, theta X, theta
Y, and theta Z excitation signals) to the control of the mover
assembly for each of the test positions. In one embodiment,
the excitation signals can be represented by the following
equations:

x+A(t)sin(wr) for the X excitation signal; Equation (7)

ya+A@)sin(wr) for the Y excitation signal; Equation (8)

z+A(D)sin(we) for the Z excitation signal; Equation (9)

Tx+A(f)sin(we) for the theta X excitation signal; Equation (10)

Iy +A(f)sin(we) for the theta ¥ excitation signal; and Equation (11)

Tz +A()sin(wt) for the theta Z excitation signal. Equation (12)

In these equations, (i) x, is the stage X axis reference
position before excitations; (ii) y, is the stage Y axis refer-
ence position before excitations; (iii) z, is stage 7 axis
reference position before excitations; (iv) Tx, is the stage
theta X axis reference position before excitations; (v) Ty, is
the stage theta Y axis reference position before excitations;
(vi) Tz, is the stage theta Z axis reference position before
excitations; (vii) A is the position excitation magnitude; and
(viil) w is the position excitation frequency.

Further, for each test position, the canceller 1274 is used
to determine the six force/moment commands for each of the
six excitation signals. As provided herein, the canceller 1274
is applied to the feedback control 1252 for each degree of
freedom to achieve nearly perfect control force at the
excitation frequency. The design of the canceller 1274 can
be varied pursuant to the teachings provided herein. In one
non-exclusive embodiment, the canceller 1274 is a filter that
is approximately opposite to a notch filter. In one embodi-
ment, the canceller 1274 is a fixed parameter transfer
function that is described by the following equations:
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Cos(6,)-s +sin(6,) - w, Equation (13)
Cels) =1 +gc'T
52+ g.Cos(6,) -5 + gsin(8,) - we + w? Equation (14)
Cels) = Fo—)

Oc = LTctosed—toop(We) Equation (15)

gc = 2dwe Equation (16)

In these equations, (i) C. is the transfer function of the
canceller; (i) is the complex argument for Laplace trans-
form; (iii) g, is the canceller gain; (iv) 0. is the canceller
phase; (v) w. is the canceller frequency, which is selected as
same as the excitation frequency w.=w; (VLT ;p50ii00p
(w,) is the phase of closed-loop system at the canceller
frequency; and (vii) d. is numerator damping ratio of the
canceller transfer function.

As provided above, for each test position, the information
obtained near the end (during the measurement time) of each
excitation cycle regarding the force/moment commands for
each excitation signal can be subsequently used to control
the stage with improved accuracy. For each test position, (i)
the X, Y, Z, Tx, Ty, and Tz force/moment commands near the
end (during the measurement time) of the X excitation cycle
can be referred to as a X set of control commands, (ii) the
X, Y, Z, Tx, Ty, and Tz force/moment commands near the
end (during the measurement time) of the Y excitation cycle
can be referred to as a Y set of control commands, (iii) the
X, Y, Z, Tx, Ty, and Tz force/moment commands near the
end (during the measurement time) of the Z excitation cycle
can be referred to as a Z set of control commands, (iv) the
X, Y, Z, Tx, Ty, and Tz force/moment commands near the
end (during the measurement time) of the theta X excitation
cycle can be referred to as a theta X set of control com-
mands, (v) the X, Y, Z, Tx, Ty, and Tz force/moment
commands near the end (during the measurement time) of
the theta Y excitation cycle can be referred to as a theta Y
set of control commands, and (vi) the X, Y, Z, Tx, Ty, and
Tz force/moment commands near the end (during the mea-
surement time) of the theta Z excitation cycle can be referred
to as a theta Z set of control commands. Further, any of these
sets can be referred to as a first, second, third, fourth, fifth,
or sixth set of control commands.

Additionally, the information from the sets of control
commands can be used in a number of different fashions. For
example, the sets of control commands for each test position
can be used to generate a compensation map that is used to
subsequently control the stage with improved accuracy.
Alternatively, the end of cycle force/moment commands can
be used to generate motor ripple and side force information
that can be used to subsequently control the stage.

In the specific example described in detail herein, for each
test position, there are six separate excitation signals
(namely X, Y, Z, Tx, Ty, and Tz excitation signals), and each
excitation signal has six corresponding force/moment com-
mands (X, Y, Z force commands and Tx, Ty, and Tz moment
commands). This results in thirty six sets of control com-
mands for each test position. Further, this information can be
complied into a six by six matrix for each test position.

As provided above, in one non-exclusive embodiment,
information regarding the force/moment commands for each
test position can be used to generate a compensation map for
the mover assembly. The actual procedure used to generate
the compensation map can be varied. In one embodiment, a
discrete Fourier transform (DFT) is used to transform the six
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by six matrix of control commands for each test position into
a compensation map for the mover assembly. Thus, the
discrete Fourier transform is used to convert force/moment
commands to force constant. Stated in another fashion, a
single frequency Discrete Fourier Transform is performed
on all six axis force commands for good signal quality at the
test excitation frequency. In one embodiment, the frequency
of the Discrete Fourier Transform is the same as the fre-
quency of the excitation signal. With this design, the good
quality force/moment command information can be used to
generate a very accurate and clean ripple/side force com-
pensation map. The equation below illustrates the compu-
tation of CG force compensation ratios from X axis to all 6
axes at every test position (X,, y,). Similar equations may be
derived for CG force command compensation ratios from
the other five axes to all 6 axes.

Kxx (%, yj) Equation (17)
yi)
Vi)
K x(xi, y)

Kyx (xi,

Kzx (xi

Ky, x(xi, y5)
K, x (%, ¥;)

Ux(x;, y;)

Uy(xi, y;)

1 Uz(xi, y;)

real T 7 v ( )
T Xis V)

=% N Uy | T
NM S = Ury (i, y))

Ur, (%, y;)

In this equation (i) Ky(x;, y,) represents the force com-
mand compensation ratio from X axis to X axis; (i1) K,(x;,
y,) represents the force command compensation ratio from X
axis to Y axis; (iii) K (x,, y,) represents the force command
compensation ratio from X axis to Z axis; (iv) Ky (X, ¥))
represents the force command compensation ratio from X
axis to theta X axis; (v) Kp(X;, y,) represents the force
command compensation ratio from X axis to theta Y axis;
(vi) Kz,.(X;» ¥;) represents the force command compensation
ratio from X axis to theta Z axis; (vii) U,(x,, y,) is the X force
command DFT at position (x,, y,); (viil) Uyx,, y,) is the Y
force command DFT at positiqg (x5 ¥, ((X) U (%, y,) 18 the
Z force command DFT at position (X, ¥,); (X) Uz(X; y,) is
the theta X force command DFT at position (x,, y,); (xi)
Up(x;, y;) is the theta Y force command DFT at position (x,,
y); (xii) Up(x;, y)) is the theta Z force command DFT at
position (x;, y); (xiii) N is the number of calibration
positions along stage X axis; and (xiv) M is the number of
calibration positions along stage Y axis.

With this design, the ratios of all-axes force command
DEFT are calculated, and the excitation-axis force commands
DFT are averaged and normalized at all test positions.

Further, in certain embodiments, a two dimensional fast
Fourier transform (or other method) can be used on the
compensation map to remove potential non-smooth offset
between two measurement columns, caused by hysteresis of
the stage electrical cables and cooling tubes.

FIG. 13A is a plot that illustrates one non-exclusive
example of the resulting compensation ratio for the X axis
excitation signal for the X axis for the plurality of test
positions; FIG. 13B is a plot that illustrates one non-
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exclusive example of the resulting compensation ratio for
the X axis excitation signal for the Y axis for the plurality of
test positions; FIG. 13C is a plot that illustrates one non-
exclusive example of the resulting compensation ratio for
the X axis excitation signal for the Z axis for the plurality of
test positions; FIG. 13D is a plot that illustrates one non-
exclusive example of the resulting compensation ratio for
the X axis excitation signal for the theta X for the plurality
of test positions; FIG. 13E is a plot that illustrates one
non-exclusive example of the resulting compensation ratio
for the X axis excitation signal for the theta Y for the
plurality of test positions; and FIG. 13F is a plot that
illustrates one non-exclusive example of the resulting com-
pensation ratio for the X axis excitation signal for the theta
Z for the plurality of test positions. In each Figure, the X and
Y axes represents X and Y test positions of the stage, and the
Z axis represents the corresponding, calculated compensa-
tion value for each test position.

The FIG. 13 A plot can be generated utilizing the DFT on
the X force commands near the end of the X excitation cycle
for the plurality of test positions; the FIG. 13B plot can be
generated utilizing the DFT on the Y force commands near
the end of the X excitation cycle for the plurality of test
positions; the FIG. 13C plot can be generated utilizing the
DFT on the Z force commands near the end of the X
excitation cycle for the plurality of test positions; the FIG.
13D plot can be generated utilizing the DFT on the theta X
moment commands near the end of the X excitation cycle for
the plurality of test positions; the FIG. 13E plot can be
generated utilizing the DFT on the theta Y moment com-
mands near the end of the X excitation cycle for the plurality
of test positions; and the FIG. 13F plot can be generated
utilizing the DFT on the theta Z moment commands near the
end of the X excitation cycle for the plurality of test
positions.

In this embodiment, the X sets of control commands (that
result from the X excitation cycle) for each test position is
used to generate six separate X plots (illustrated in FIGS.
13A-13F) that form part of the compensation map. Further,
it should be noted that six separate plots can be generated for
each of the other five (Y, Z, Tx, Ty, Tz) excitation signals.
More specifically, (i) the Y sets of control commands for
each test position can be used to generate six separate Y
plots; (ii) the Z sets of control commands for each test
position can be used to generate six separate Z plots; (iii) the
theta X sets of control commands for each test position can
be used to generate six separate theta X plots; (iv) the theta
Y sets of control commands for each test position can be
used to generate six separate theta Y plots; and (v) the theta
Z sets of control commands for each test position can be
used to generate six separate theta Z plots.

FIG. 14A is a plot that illustrates one, non-exclusive
example of a resulting force compensation map 1402 for all
of the test positions and all of the excitation signals. In this
example, the compensation map is a six by six force
compensation map 1402 that includes thirty six plots,
namely (i) six X plots (the left most column 1404 of the
compensation map 1402) that result from the application of
the X excitation signals; (ii) six Y plots (the second from the
left column 1406 of the compensation map 1402) that result
from the application of the Y excitation signals; (iii) six Z
plots (the third from the left column 1408 of the compen-
sation map 1402) that result from the application of the Z
excitation signals; (iv) six Tx plots (the fourth from the left
column 1410 of the compensation map 1402) that result
from the application of the theta X excitation signals; (v) six
Ty plots (the fifth from the left column 1412 of the com-
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pensation map 1402) that result from the application of the
theta Y excitation signals; and (vi) six Tz plots (the right
most column 1414 of the compensation map 1402) that
result from the application of the theta Z excitation signals.

FIG. 14B is an enlarged illustration of a portion of the
compensation map of FIG. 14A. More specifically, FIG. 14B
illustrates the To Ty From Tz plot. This plot represents the
force compensation plot for the theta Y that results from the
application of the theta Z excitation signals. In FIG. 14B,
each of test positions has a Y position value and an X
position value. Further, for each test position has a force
compensation value that is represented a shade of gray in
FIG. 14B. In this Figure, the scale for each shade of gray is
illustrated along the right side of the plot.

Further, it should be noted that similar to the plot illus-
trated in FIG. 14B, for each plot illustrated in FIG. 14 A, the
X axis represents the location along the X axis of the test
position, the Y axis represents the location along the Y axis
of the test position, and shade represents the associated
compensation value.

FIG. 15A is a simplified control block diagram of a
control system 1524 that can use the compensation map
1402 (illustrated in FIG. 14A) to control the mover assembly
to position the stage with improved accuracy. In FIG. 15A,
the control block diagram 1524 is somewhat similar to the
control block diagram illustrated in FIG. 3. However, in
FIG. 15A, the control system 1524 includes the feedforward
control block 1570 that is similar to but more general than
the corresponding block described above and illustrated in
FIG. 12, a first time-ahead position trajectory block 1580,
and a second time-ahead position trajectory block 1582.

In FIG. 15A (similar to FIG. 3), (i) “r” represents a desired
position; (ii) “m” represents the measured, actual momen-
tary, position; and (iii) “e” represents a following error.
Further, starting at the left side of the control block diagram
1254, the desired position is fed into the control system 1224
along with the measured position “m”. Next, the control
system 1224 determines the following error “e”. Subse-
quently, the following error “e” is fed into a feedback control
1552. In one embodiment, the identified compensation map
1402 (illustrated in FIG. 14) can be used in the CG force
compensation 1554 to compensate for motor force ripple,
side forces and other cross-axes couplings that have been
also picked up by the calibration procedure. Next, a force
distribution 1556 determines the force commands for each
of the movers necessary to correct the following error.
Subsequently, the mover commutations 1558 are utilized to
determine the currents that movers. Next, at block 1560, the
movers move the stage.

In the design illustrated in FIG. 15A, feedforward block
1570 is used to provide approximately the right force
command for the movement of the stage. In certain designs,
the feedforward block 1570 can be an acceleration feedfor-
ward. Alternatively, the feedforward can be more general.

Further, to accommodate the system time delay generally
embedded in the control system, time ahead position trajec-
tory can be used in the CG force compensate map 1554 and
motor commutation 1558 such that their outputs will happen
at the correct time. The first time-ahead position trajectory
1580 is fed into the center of gravity force compensation
1554. Additionally, the information from the compensation
map is used in the center of gravity force compensation
1554. The first time-ahead position trajectory 1580 is used to
look where the stage position is going to be when the current
is directed to the mover assembly. Thus, with the time-ahead
position trajectory 1580, the correct compensation ratio
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from the compensation map is utilized for when the current
is actually directed to the mover assembly.

Moreover, the second time-ahead position trajectory 1582
is fed into the motor commutation 1558. The second time-
ahead position trajectory 1582 makes the motor currents
have the correct phases.

FIG. 15B illustrates a six by six force compensation
matrix. As provided herein, in certain embodiments, the
generated compensation map 1402 (one example illustrated
in FIG. 14A) is used in the CG force compensation block
1554 (illustrated in FIG. 15A) as a six by six, two dimen-
sional look-up table. Utilizing interpolation methods, the
look-up table provides six by six compensation matrix in
FIG. 15B for every stage position.

In FIG. 15B (i) “u,—~represents CG force command
along the X axis; (ii) “u,”—CG force command along the Y
axis; (iii) “u, —represents the CG force command along the
Z axis; (iv) “u, —represents CG force command along the
Theta-X axis; (v) “u,,”—represents the CG force command
along the Theta-Y axis; (vii) “u,,”—represents the CG force
command along the Theta-Z axis; (viil) “ky, —represents
the force command compensation ratio from X axis to X
axis; (ix) “kyy —represents the force command compensa-
tion ratio from X axis to Y axis; (x) “k,’—represents the
force command compensation ratio from X axis to Z axis;
(X) “kpy —represents the force command compensation
ratio from X axis to Theta-X axis; (xi) “ky,,”—represents
the force command compensation ratio from X axis to
Theta-Y axis; (xii) “k;. —represents the force command
compensation ratio from X axis to Theta-Z axis; (xiii)
“Xr’—represents the X axis reference position; (Xxiv)
“Yr”’—represents the Y axis reference position; (xv) “t”
represents time; (xvi) “td” represents the system delay; and
(xvii) “Xr(t+td)"—represents the time-ahead X axis refer-
ence position to accommodate the system time delay.

The formula used in the motor commutation 1558 for the
X7 and YZ movers to transform the mover horizontal and
vertical force commands to the three-phase current com-
mands are described in Equations (1), (2), (3) and (4).

FIG. 16 is a graph that includes (i) dashed line 1602 that
represents the X position of the stage versus time, and (ii)
solid line 1604 that represents the Y position of the stage
versus time during movement of the stage. FIG. 17A is a
graph that includes (i) dashed line 1702 that represents the
X following error versus time without the compensation
provided herein, and (ii) solid line 1704 that represents the
X following error versus time with the compensation pro-
vided for the movement illustrated in FIG. 16. FIG. 17B is
a graph that includes (i) dashed line 1706 that represents the
Y following error versus time without the compensation
provided herein, and (ii) solid line 1708 that represents the
Y following error versus time with the compensation pro-
vided for the movement illustrated in FIG. 16. FIG. 17C is
a graph that includes (i) dashed line 1710 that represents the
Z following error versus time without the compensation
provided herein, and (ii) solid line 1712 that represents the
Z following error versus time with the compensation pro-
vided for the movement illustrated in FIG. 16. FIG. 17D is
a graph that includes (i) dashed line 1714 that represents the
Tx following error versus time without the compensation
provided herein, and (ii) solid line 1716 that represents the
Tx following error versus time with the compensation
provided for the movement illustrated in FIG. 16. FIG. 17E
is a graph that includes (i) dashed line 1718 that represents
the Ty following error versus time without the compensation
provided herein, and (ii) solid line 1720 that represents the
Ty following error versus time with the compensation pro-
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vided for the movement illustrated in FIG. 16. FIG. 17F is
a graph that includes (i) dashed line 1722 that represents the
Tz following error versus time without the compensation
provided herein, and (ii) solid line 1724 that represents the
Tz following error versus time with the compensation pro-
vided for the movement illustrated in FIG. 16. These Figures
illustrate that the stage following errors in all six degrees of
freedom are highly reduced by use of the compensation
methods disclosed herein.

It should also be noted even with the CG force compen-
sation provided herein, that there can still be some smaller
residual stage following errors during stepping and scanning
motion due to other disturbances such as electrical cables,
cooling tubes, etc.

FIG. 18A is a map 1802 that illustrates the residual force
compensation ratios with the application of the center of
gravity force compensation. More specifically, with the CG
force compensation applied, the same calibration procedure
(using multiple excitation signals at multiple measurement
positions) can be used measure the residual force compen-
sation ratios again to verify the effectiveness of the applied
compensation. A comparison of the map 1802 provided in
FIG. 18A with that in FIG. 14A (without compensation),
illustrates the force couplings among axes after compensa-
tion are much less. The scales are the same in FIGS. 18A and
14A. Thus, FIG. 18A illustrates the effectiveness of the
compensation for motor force ripples and side forces.

FIG. 18B is an enlarged illustration of a portion of the
map of FIG. 18A. More specifically, FIG. 18B illustrates the
To Ty From Tz plot. This plot represents the plot for the theta
Y that results from the application of the theta Z excitation
signals. In FIG. 18B, each of test positions has a Y position
value and an X position value. Further, for each test position
has a force compensation value that is represented a shade
of gray in FIG. 18B. In this Figure, the scale for each shade
of gray is illustrated along the right side of the plot. It should
be noted that for the values in this plot, the shade is
approximately the same and is approximately equal to zero.

Further, it should be noted that similar to the plot illus-
trated in FIG. 18B, for each plot illustrated in FIG. 18A, the
X axis represents the location along the X axis of the test
position, the Y axis represents the location along the Y axis
of the test position, and shade represents the associated
compensation value.

Semiconductor devices can be fabricated using the above
described systems, by the process shown generally in FIG.
19A. In step 1901 the device’s function and performance
characteristics are designed. Next, in step 1902, a mask
(reticle) having a pattern is designed according to the
previous designing step, and in a parallel step 1903 a wafer
is made from a silicon material. The mask pattern designed
in step 1902 is exposed onto the wafer from step 1903 in step
1904 by a photolithography system described hereinabove in
accordance with the present invention. In step 1905, the
semiconductor device is assembled (including the dicing
process, bonding process and packaging process), finally,
the device is then inspected in step 1906.

FIG. 19B illustrates a detailed flowchart example of the
above-mentioned step 1904 in the case of fabricating semi-
conductor devices. In FIG. 19B, in step 1911 (oxidation
step), the wafer surface is oxidized. In step 1912 (CVD
step), an insulation film is formed on the wafer surface. In
step 1913 (electrode formation step), electrodes are formed
on the wafer by vapor deposition. In step 1914 (ion implan-
tation step), ions are implanted in the wafer. The above
mentioned steps 1911-1914 form the preprocessing steps for
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wafers during wafer processing, and selection is made at
each step according to processing requirements.

At each stage of wafer processing, when the above-
mentioned preprocessing steps have been completed, the
following post-processing steps are implemented. During
post-processing, first, in step 1915 (photoresist formation
step), photoresist is applied to a wafer. Next, in step 1916
(exposure step), the above-mentioned exposure device is
used to transfer the circuit pattern of a mask (reticle) to a
wafer. Then in step 1917 (developing step), the exposed
wafer is developed, and in step 1918 (etching step), parts
other than residual photoresist (exposed material surface)
are removed by etching. In step 1919 (photoresist removal
step), unnecessary photoresist remaining after etching is
removed. Multiple circuit patterns are formed by repetition
of these preprocessing and post-processing steps.

It is to be understood that movers disclosed herein are
merely illustrative of the presently preferred embodiments
of the invention and that no limitations are intended to the
details of construction or design herein shown other than as
described in the appended claims.

What is claimed is:

1. A method for determining a commutation offset for a
mover of a mover assembly that moves and positions a stage
relative to a stage base along a plane including a first axis,
the mover including a coil array and a magnet array that
interacts with the coil array, the method comprising the steps
of:

measuring a measured position of stage with a measure-

ment system and generating feedback regarding the
measured position of the stage;

controlling the mover with a control system using the

feedback from the measurement system to levitate the
stage above the stage base along a second axis that is
vertically oriented relative to the plane, the control
system including a processor;

controlling the mover with the control system using

feedback from the measurement system to maintain the
position of the stage along the first axis and along the
second axis; and

obtaining information of a commutation offset for the

mover, while the stage is levitated above the stage base
with the mover and while controlling the mover with
the control system using feedback from the measure-
ment system to maintain the position of the stage along
the first axis and along the second axis, utilizing the
steps of (i) directing current to the coil array with the
control system so that the mover imparts a disturbance
on the stage, and (ii) evaluating one or more forces
generated by the mover under the control of the control
system and required to maintain the measured position
of the stage along the first axis and along the second
axis as a result of the disturbance on the stage to obtain
information of the commutation offset, wherein the
commutation offset represents an adjustment to a posi-
tion of the coil array relative to the magnet assembly at
the time the disturbance is imparted on the stage.

2. The method of claim 1 wherein the step of directing
current includes determining the current directed to the coil
array utilizing a plurality of alternative, possible commuta-
tion offsets in a motor commutation with the control system,
while the stage is levitated above the stage base with the
mover, and while controlling the mover with the control
system using feedback from the measurement system to
maintain the position of the stage along the first axis and
along the second axis.
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3. The method of claim 2 further comprising the step of
determining a separate, second axis force command with the
control system that is necessary to maintain the position of
the stage along the second axis after imparting the distur-
bance on the stage for each possible commutation offset.

4. The method of claim 3 wherein the step of evaluating
includes the step of selecting the possible commutation
offset that corresponds to approximately the smallest second
axis force command as the commutation offset.

5. The method of claim 2 further comprising the step of
determining a separate, second axis current amplitude with
the control system that is necessary to maintain the position
of the stage along the second axis after imparting the
disturbance on the stage for each possible commutation
offset.

6. The method of claim 5 wherein the step of evaluating
includes the step of selecting the possible commutation
offset that corresponds to approximately the smallest, sec-
ond axis current amplitude as the commutation offset.

7. The method of claim 2 further comprising the step of
determining a separate, first axis force command with the
control system that is necessary to maintain the position of
the stage along the first axis after imparting the disturbance
on the stage for each possible commutation offset.

8. The method of claim 7 wherein the step of evaluating
includes the step of selecting the possible commutation
offset that corresponds to the first axis force command that
is approximately equal to zero.

9. The method of claim 2 further comprising the step of
determining a separate, first axis current amplitude with the
control system that is necessary to maintain the position of
the stage along the first axis after imparting the disturbance
on the stage for each possible commutation offset.

10. The method of claim 9 wherein the step of evaluating
includes the step of selecting the possible commutation
offset that corresponds to the first axis current amplitude that
is approximately equal to zero.

11. The method of claim 1 wherein the step of directing
current includes the steps of (i) inputting a test force
command with the control system to the control of the
mover, and (ii) utilizing a plurality of alternative, test offsets
in a commutation equation with the control system to
determine the current to be directed to the coil array.

12. The method of claim 11 wherein the step of evaluating
includes (i) determining an actual first axis force generated
by the mover on the stage for each test offset with the control
system, and (ii) determining the commutation offset utilizing
the actual first axis force for each test offset.

13. The method of claim 11 wherein the step of evaluating
includes (i) determining an actual second axis force gener-
ated by the mover on the stage for each test offset with the
control system, and (ii) determining the commutation offset
utilizing the actual second axis force for each test offset.

14. The method of claim 11 wherein the step of evaluating
includes (i) determining an actual first axis force and an
actual second axis force generated by the mover on the stage
for each test offset with the control system, and (ii) deter-
mining the commutation offset utilizing the actual first axis
force and the second axis force for each test offset.

15. A method for making an exposure apparatus for
transferring an image to a workpiece, the method compris-
ing the steps of providing an optical assembly, securing the
workpiece to a stage, and moving the stage relative to the
optical assembly with a mover assembly including a coil
array and a magnet array that interacts with the coil array,
and determining the commutation offset for the mover with
the method of claim 1.
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16. A method for manufacturing a device comprising the
steps of providing a substrate, and forming an image to the
substrate with the exposure apparatus made by the method
of claim 15.

17. A method for initializing a stage assembly that
includes a plurality of movers, the method comprising the
step of determining the commutation offset for each of the
movers by the method of claim 1.

18. A mover assembly that moves and positions a stage
relative to a stage base, the mover assembly comprising:

a first mover that moves and positions the stage along a
plane including a first axis, and levitates and positions
the stage above the stage base along a second axis that
is vertically oriented relative to the plane, the first
mover including a coil array and a magnet array that
interacts with the coil array; and

a measurement system that measures a measured position
of the stage and generates feedback regarding the
measured position of the stage; and

a control system including a processor that determines a
commutation offset for the first mover while controlling
the first mover to maintain the position of the stage, the
control system (i) directing current to the coil array so
that the first mover imparts a disturbance on the stage
while the stage is levitated above the stage base with
the first mover and while controlling the mover to
maintain the position of the stage along the first axis
and along the second axis using feedback from the
measurement system, and (ii) evaluating one or more
forces generated by the first mover under the control of
the control system and required to maintain the mea-
sured position of the stage along the first axis and along
the second axis as a result of the disturbance on the
stage to obtain information of the commutation offset,
wherein the commutation offset represents an adjust-
ment to a position of the coil array relative to the
magnet assembly at the time the disturbance is
imparted on the stage.

19. The mover assembly of claim 18 wherein the control
system determines the current directed to the coil array
utilizing a plurality of alternative, possible commutation
offsets.

20. The mover assembly of claim 19 wherein the control
system determines a second axis force command necessary
to maintain the position of the stage along the second axis
after imparting the disturbance on the stage for each possible
commutation offset.

21. The mover assembly of claim 19 wherein the control
system determines a second axis current amplitude neces-
sary to maintain the position of the stage along the second
axis after imparting the disturbance on the stage for each
possible commutation offset.

22. The mover assembly of claim 19 wherein the control
system determines a first axis force command necessary to
maintain the position of the stage along the first axis after
imparting the disturbance on the stage for each possible
commutation offset.

23. The mover assembly of claim 19 wherein the control
system determines a first axis current amplitude necessary to
maintain the position of the stage along the first axis after
imparting the disturbance on the stage for each possible
commutation offset.

24. The mover assembly of claim 18 wherein the control
system (i) inputs a test force command to the control of the
first mover, and (ii) utilizes a plurality of alternative, test
offsets to determine the current to be directed to the coil
array.
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25. The mover assembly of claim 24 wherein the control
system (i) determines an actual first axis force generated by
the first mover on the stage for each test offset, and (ii)
determines the commutation offset utilizing the actual first
axis force for each test offset.

26. The mover assembly of claim 24 wherein the control
system (i) determines an actual second axis force generated
by the first mover on the stage for each test offset, and (ii)
determines the commutation offset utilizing the actual sec-
ond axis force for each test offset.

27. The mover assembly of claim 18 further comprising a
second mover that cooperates with the first mover to form at
least a portion of a planar motor.

28. An exposure apparatus including an illumination
system and the mover assembly of claim 18 that moves a
stage relative to the illumination system.

29. A process for manufacturing a device that includes the
steps of providing a substrate and forming an image to the
substrate with the exposure apparatus of claim 28.

30. The method of claim 1 further comprising the step of
determining a second axis force command with the control
system that is necessary to maintain the position of the stage
along the second axis after imparting the disturbance on the
stage.

31. The method of claim 1 wherein the step of evaluating
includes evaluating one or more second axis forces gener-
ated by the mover necessary to maintain the position of the
stage along the second axis after imparting the disturbance
on the stage.

32. The method of claim 1 further comprising the step of
determining a second axis current amplitude with the control
system that is necessary to maintain the position of the stage
along the second axis after imparting the disturbance on the
stage.

33. The method of claim 1 further comprising the step of
determining a first axis force command with the control
system that is necessary to maintain the position of the stage
along the first axis after imparting the disturbance on the
stage.

34. The method of claim 1 further comprising the step of
determining a first axis current amplitude with the control
system that is necessary to maintain the position of the stage
along the first axis after imparting the disturbance on the
stage.

35. The mover assembly of claim 18 wherein the control
system determines a second axis force command necessary
to maintain the position of the stage along the second axis
after imparting the disturbance on the stage.

36. The mover assembly of claim 18 wherein the control
system evaluates one or more forces generated by the first
mover necessary to maintain the position of the stage along
the second axis after imparting the disturbance on the stage.

37. The mover assembly of claim 18 wherein the control
system determines a second axis current amplitude neces-
sary to maintain the position of the stage along the second
axis after imparting the disturbance on the stage.

38. The mover assembly of claim 18 wherein the control
system determines a first axis force command necessary to
maintain the position of the stage along the first axis after
imparting the disturbance on the stage.

39. The mover assembly of claim 18 wherein the control
system determines a first axis current amplitude necessary to
maintain the position of the stage along the first axis after
imparting the disturbance on the stage.

40. The mover assembly of claim 18 wherein the control
system determines the current to be directed to the coil array
utilizing the following commutations:
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Lyyz1
Lyz [=
Loyzi
+ +
sin(er- Y+ Yoyzi ) cos(er- Y+ Yoyzi )
L L
+ 2r + 2r A
sin(Zn- y };j,ym v cos(er- y }I’j,ym N ?) ( y,YZl]
Azyzi
+ 4 + 4
sin(Zn- YHYoyz _ﬂ) cos(er- YHYorm _ﬂ)
L 3 L 3

wherein (i) I, 5, is a current command directed to a U
phase coil of the coil array; (ii) I, is a current
command directed to a V phase coil of the coil array,
(iii) I, 3, is a current command directed to a W phase
coil of the coil array; (iv) y is a measured position along
the first axis of the coil array; (v) Y, y», is the com-
mutation offset of the coil array; (vi) L is an associated
motor commutation pitch; (vil) A, .y, is a current
amplitude required to produce a desired force along the
first axis and is equal to

Fyi

Ayyzi = P
yYZL

(vi) A, 7y is a current amplitude required to produce a
desired force along the second axis and is equal to

Fz1

Agyz1 = .
LYZ1

(ix) k,, y, 15 a motor force constant of the mover along the
first axis; (X) k. y; is a motor force constant along the
second axis of the mover; (xi) Fy, is a motor force command
along the first axis; and (xii) F, is a motor force command
along the second axis.

41. The method of claim 1 further comprising the step of
determining the current to be directed to the coil array
utilizing the following commutations:

Lyyz1
Lyz [=
Lyyzi
+ +
sin(er- Y+ Yoyzi ) cos(er- Y+ Yoyzi )
L L
+ 2r + 2 A
sin(Zn- YHYoyz 2 cos(er- YHYoya | _) (Arra
L 3 L 3 Az
+ 4 + 4
sin(Zn- YHVoya _ﬂ) cos(er- YHVorm _ﬂ)
L 3 L 3

wherein (i) 1, y, is a current command directed to a U phase
coil of the coil array; (ii) I, 5, is a current command directed
to a V phase coil of the coil array, (iii) 1,, y,, is a current
command directed to a W phase coil of the coil array; (iv)
y is a measured position along the first axis of the coil array;
(v) Y, 3z, is the commutation offset of the coil array; (vi) L
is an associated motor commutation pitch; (vii) A, 5, is a
current amplitude required to produce a desired force along
the first axis and is equal to
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Fyi |

Ayyzi = —;
kyyzi

(viil) A, 7y is a current amplitude required to produce a
desired force along the second axis and is equal to

Fz
Az,YZl = m; 10
Z,

(ix) k,, y, is a motor force constant of the mover along the
first axis; (x) k, ;, is a motor force constant along the
second axis of the mover; (xi) F, is a motor force command 15
along the first axis; and (xii) F, is a motor force command
along the second axis.
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